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The problem of mode competition in cylindrical cavity gyrotrons is considered. The normalized
variable equations are used to calculate the oscillation regions of possible operating modes in the energy -
velocity-pitch-angle plane. The analysis is self-consistent and includes the effect of changing beam current,
pitch angle, and energy during the startup phase. The time evolution of beam parameters during startup is
computed for several types of startup methods and used to determine the oscillating cavity modes during
startup. Depending on the type of startup chosen, the cavity can be made to oscillate in several modes orin a
single chosen operating mode - even for high order modes where many other possible operating modes exist.
Some startup methods are seen Lo be less favorable than others, allowing for oscillation of unwanted modes
and some methods are seen to be more sensitive to small beam/cavity misalignment. The accessibility to the
high-efficiency hard excitation region can also be determined and is seen to depend on the startup scenario.
The method is general and can be applied to any operating mode with the mode competition analysis
specifically useful for high order modes where the spe:ctrﬁm is dense. The analysis of the accessibility to the
hard excitation region is applicable to high and low order operating modes. Both g=1 and ¢=2 longitudinal

mode numbers are considered.



1. Introduction

Gyrotrons operating at high frequency and power require the use of a high-order
cavity mode to allow for an increased cavity size and to lower cavity ohmic losses to
acceptable levels. The spectrum of modes at such high orders becomes dense and
competition between the desired operating mode and nearby modes may become
problematic. A gyrotron experiencing severe mode competition may oscillate solely in an
unwanted mode for which the frequency can be significantly different than that of the design
frequency, the interaction efficiency can be significantly lower than that of the desired
operating mode, and line elements and the gyrotron window are mismatched for the new
mode. It is therefore important in gyrotron design to assure that monomode operation in the
desired operating mode is attainable. For large cavities, designed for operation in a high-
order mode, many other modes are capable of oscillating, each with a different quality factor
and resonant frequency. To determine which of the possible modes will dominate at the
operating point, the beam startup must be considered - the period during which the beam
energy, velocity pitch angle, and current are changing before reaching their final operating
values!-5. If the gyrotron gun design is of triode type, one may specify the relative timing
between the voltage rise of the anode and cathode and therefore may control the evolution of
beam parameters during the startup. The manner with which one brings these voltages to
their nominal values is referred to as a startup scenario. These scenarios can have a large
effect on the behavior of the cavity fields during and after the startup portion of the gyrotron
pulse. Depending on this time-evolution of the beam parameters, the cavity can be made to
oscillate in a single model:24 or in many successive modes3:5 during startup. In some
cases, a given startup scenario can be "dange:rc;us" in that it allows for mode competition
with modes which couple well to the electron beam. This paper deals specifically with the
choice of startup scenarios as it relates to mode competition. The effect of different startup

scenarios on the experimental accessibility to the high efficiency region of parameter space



known as the "hard excitation region" is also considered. In Sec. II, the problem of mode
competition for a cavity designed to operate at a resonant frequency near fres = 120GHz in
the TE22,6 mode is presented. The method of calculating the time evolution of the beam
parameters during startup is shown in Sec. III as well as the effect of startup on mode
competition in the cavity for several specific cases. The sensitivity of the startup cavity
fields to misalignment of the beam is also discussed. Results are presented for all first and
second longitudinal modes near the desired operating mode. The effect of startup on
accessibility to the hard-excitation region is discussed in Section IV. Conclusions are

presented in Sec. V.

1. High Order Mode Spectrum and Starting Current

The operating mode of a high frequency, high power gyrotron is chosen to be of high
order to limit the loading of the cavity walls to acceptable values. A high order mode
(k,a >> 1) allows for a large cavity radius and consequently reduced ohmic losses per unit
area. Figure 1 shows the cylindrical waveguide TE,,,, mode spectrum for modes with
40 < k,a < 50 where m = azimuthal mode number and n = radial mode number. Each
of the vertical lines represents a possible operating mode with the TE;2 6 mode found at
k,a = 45.62. For this paper, the TE22,6 mode was chosen as a possible candidate for the
operating mode of a high power gyrotron and will be used as an example for all analysis
shown. A major disadvantage with choosing a high order mode is that, as seen in Fig. 1,
the mode spectrum becomes dense at high values of k,a. The cavity is therefore highly
overrnodcd and results in mode competition and in the possibility of oscillation in a mode
other than the chosen operating mode. Careful attention must be paid to this problem by
considering the coupling of the beam to both thc chosen mode and its neighboring modes
and by considering the time-dependent behavior of all cavity modes during startup.

To determine, for a given cavity, which modes are possible competitors with the

chosen operating mode, one must first determine the resonant frequency and quality factor



for each mode. The quality factor, O, is defined as Q = wE/P;s where o = resonant
frequency, Eg = stored energy, and P, = output microwave power. All units are MKSA
units unless otherwise stated. Many modes are considered as possible competitors to the
chosen TE2z,6 operating mode. All modes with 43 < k a < 49 are included (> 60), each
mode having its own resonant frequency and quality factor. The values used are cold cavity
values with ohmic losses neglected. One can also calculate values of the beam/wave
coupling coefficient for the right and left-hand rotating wave of each mode for a beam placed
at rp/la = 0.52 where rp = beam radius and @ = cavity radius. These coupling
coefficients, whose expression is shown below, indicate the beam coupling to a given mode

in each of the two possible polarizations.

Co = sy (kiry)

T (V2a-m2) JH(Vi)

(1)

where k; = Vmn/a, Jm(x) = Bessel function of order m, Viun = nth root of the derivative of
the Bessel function of order m — d(J(x))/dx. If this value is calculated for all modes with
43 < k,a < 49, one sees that several modes couple as well to the electron beam as the
chosen operating mode.

Any gyrotron oscillator can be characterized by three normalized variables representing

the cavity electric field, interaction length, and detuning. These unitless values are expressed

asd.7:
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where Eg = max electric field in the cavity, B. = vilc, By = vylc, B = magnetic field,
¢ = speed of light,L = e-1 Gaussian width of electric field axial profile, A = freespace
wavelength, Qce = non-relativistic cyclotron frequency, and y = relativistic factor.

Equivalently, the starting current of 2 mode can be expressed as:
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Using Egs. (3), the starting current of each mode considered is calculated. The starting

current as a function of detuning is shown in Fig. 2 for operating parameters

Ebeam = 78keV, o = v /vy = 1.5. Modes with m = 0 are plotted with solid curves and
modes with m < 0 are plotted with dashed lines. For the detuning which yields high
efficiency operation in the TE22 6 mode (A = 0.53), one sees that many modes have
I < 20A and are therefore capable of oscillating at the operating point with Ipeam = 20A.
To determine which of the possible operating modes will dominate at the design point, one
must look at the temporal behavior of the cavity modes during the startup phase, where the

beam energy, pitch angle, and current are changing before reaching the design point.

IIL. Startup Scenarios. Mode Oscillation Res:ipns, and Mode Stability

With a triode gyrotron gun, one has separate control over both the anode and cathode
voltages allowing for different "startup scenarios" or manners of bringing the operating

voltages to their design values. Several examples are shown in Figs. 3-5. The standard



triode startup is shown in Figs. 3 as scenario 1. In this scenario, the full cathode voltage is
established before "turning on" the beam by increasing the anode voltage. The relative
timing of these voltages is seen in Figs. 3(a)-(c). The evolution of the beam energy and
alpha during the beam tumn on for any scenario can be calculated using MIG design
equations8. The anode voltage required to obtain an o for a given beam energy (or

equivalently beam 7) is calculated as:
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Here, r;, = cavity Larmor radius = ymv,/qB, dgc = cathode-anode separation distance,
re = average cathode radius, ¥ = relativistic factor = I1+Epeam(keV)I511, ¢c = cathode
slant angle, me = electron mass, ¢ = speed of light, qe = electron charge. To make this
calculation, knowledge of the gun design is necessary. Here an example gun design for a
TE» 6 rpode gyrotron is used.

Uéir;g Egs. 4, for a given beam ene1gy, an,d consequently a given beam ¥, the Vanode
required to obtain a desired beam o can be determined for all . Then for every point in
time during the startup of Figs. 3, the value of azcan be determined by interpolation for any
combination of (Veathodes Yanode). In this way the plot of Fig. 3(d), the evolution of &

during startup, is determined. Beam & can also be plotted as a function of beam energy as



shown in Fig. 3(e) and for this triode-like startup scenario appears as a straight vertical line
in the (& Epeam) plane. The evolution of & for other possible startup scenarios is also
computed and shown in Figs. 4 and 5. Scenario 2 of Fig. 4 is a simulated diode-like
startup where both the cathode and anode voltages are increased simultaneously to their full
operating voltages. The avs. Epeam plot of Fig. 4(e) is seen to be substantially different
from that of the triode-like startup scenario 1 of Fig. 3(e). Paths in the (&, Epeam) plane
lying between scenario 1 and scenario 2 are also possible by changing the timing of the
start of the Vinode Tise. Scenario 3 of Figs. 5 is one example. Scenario 4 is a scenario in
which the anode and cathode voltages are first brought independently to values close to their
nominal final values but always remaining low enough so that, as will be seen later, no
cavity modes will be excited. Then after these intermediate voltages have been established,
the final rise to full voltages occurs together. This results in a path in the (¢, Epeam) plane
shown as scenario 4 in Fig. 5(¢) which has certain advantages to be seen later. The final
startup scenario 5 is similar to that of scenario 4 except that the anode voltage is
immediately brought to full value after an intermediate cathode voltage has been established.
This eliminates the need for precise relative timing of the anode and cathode voltages. The
path of this scenario is also seen in the (&, Ebeam) plane of Fig. 5(e).

In general, during the startup phase of a cavity several modes will oscillate as the beam
o and energy change. To determine when the TEzz,6 will begin oscillating during any of the
scenarios 1-3, the starting current, g, is calculated for all values of & and Epeam, for
0.5 < o0 < 2.5 and 50keV < Epeam < 90keV, using Egs. 3, and the contours for
I < 50A are plotted in Fig. 6(a). In this plot as well as those of Figs. 7 and 8§, the
I = 20A line is plotted in bold as it is for a beam with parameters near this line that the
chosen mode will begin to oscillate assuming a final beam current of Ip = 20A. The beam
lines f01: tiw scenarios of Figs. 3-5 can now be superimposed on the plot of Fig. 6(a). At
any point then during the startup, one can det:zn;zine the starting current of any mode from
plots similar to that of Fig. 6(a). Another startup line is shown in Fig. 6(a) as the bold
dashed line near the line for startup scenario 2. This is the true diode startup line. In this

case, no startup scenario is required since xis a function of Epeam assuming U, o< Vearhode,



Epeam = GV cathode, and imposing a = 1.5 at Epeam = 78keV. This beam line is seen to be
similar to that of startup scenario 2. These starting current contours are plotted for two
other troublesome modes in Figs. 6(b) and (c). Fig. 6(b) is for the TE>;,6 mode which has
the minimum starting current of all modes at the operation point, as seen in Fig. 2, and
Fig. 6(c) is for the TE.j9 7 which is close in frequency to the TE32 6 mode and which has a
coupling coefficient comparable to that of the T E;26 mode. Each of these curves will be
considered shortly.

The effect of changing beam current during the startup phase must now be accounted
for in the same (&, Epeam) parameter range as in Fig. 6(a). Using Egs. 4, for each value of
Epeam (OT 7), the anode voltage Vanode, required to attain a desired a is calculated for all a.
In this way, Fig. 7 is generated as the contours of the anode voltage required to reach the
particular point in the (&, Epeam) plane. For the gun design in this example gyrotron, an
anode voltage of Vanode ~ 24.5kV is seen to be the final anode voltage required to attain the
design beam o of & = 1.5 for a beam energy of Epeam = 78keV.

Using the Richardson-Dushman equation for electron emission from a hot cathode in
the presence of an electric field®, the values of Vanode = (&, Ebearm) of Fig. 7 are used to

compute the beam current for the same range of cxand Epean as Figs. 6(a) and 7.

A - 0.44 anode
J(mz) Jo exp( T A/ o ' , (52)

where

o (—Az-) = 1.2x106 T2 exp(-ﬂg,ﬂ%) , (5b)

m

and T = cathode temperature in K, and ¢ = work function of cathode material in eV, and
d,c = anode-cathode separation distance. Here, the cathode temperature is chosen to give
exactly the design current of /p = 20A at the design values of &, Epeam, Vanode taken from

Fig. 7. The beam current is therefore calculated as:

Iveamn = Iop €xp (?Q‘V%_—— [V Vanode - Y Vanode op ]) , (6)



where /,p is the design operating current in A and T is the solution of:
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where A = cathode emitting area in m?. Equation 7 is easily solved numerically and is
generally on the ordef of T = 1100-1300K. Using Egs.6 and 7 and the
Vanode = J(C Epeam) values of Fig. 7, the beam current for every point in the (¢, Epeam)
plane can be calculated and the contours are shown in Fig. 8. The same beam paths of
scenarios 1-5 as shown in Figs. 6(a) and 7 are included in Fig. 8. Since it was seen that
the region of interest for the TE22,6 mode lies above the bold U-shaped line on the figures, it
is seen that regardless of the beam path taken, the be@ current is typically within 10-15% of
its final value when it reaches the point where the mode will oscillate. The beam power,
however, may be as low as 70% of its value at the nominal operating voltages. It should be
noted that of the three sets of contour plots of Figs. 6(a), 7, and 8, only Fig. 6(a) is mode
dependent. The Vanode and Ipeam cONtours are valid for all cases with similar gun designs.
The starting current contours of Fig. 6(a) and the beam current contours of Fig. 8 are
now combined to self-consistently determine where during startup, the TE22,6 mode will
begin oscillating. The curve marked 22,6 on Fig. 9(a) is the locus of points in the
(¢, Epeam) plane where the starting current from Fig. 6(a) and the beam current from
Fig. 8 are equal. Inside the U-shaped curve, Ipeam > Isr and outside the curve Ipeam < L.
In this way it becomes clear at which point during the startup that the TE23 6 will start if it is
the only mode available to oscillate at the point in the (¢, Epean) plane where the beam line
crosses the locus line. Whether this is true, depends on the startup scenario chosen and the
beam line that is followed. A similar calculation is performed for the TE2] 6 mode of
Fig. 6(b) and its locus line is plotted on Fig. 9(a) with that of the TE22,6 mode.
Considering the locus lines of Fig. 9(a) and the possible startup paths, it immediately
becomes clear which startup scenarios are preferable from the point of view of mode

competition between the TEz; 6 and the TE21,6 modes. During startup scenario 1, the



oscillation regions of the two modes are entered at approximately the same time. There is
therefore a significant risk that the unwanted TE31,6 mode will begin oscillating before the
desired operating mode. If, however, the diode-like scenario 2 is chosen, the oscillation
region of the TEj;,6 mode is entered well before that of the TE3; ¢ and the risk of oscillation
in the TE21 6 is eliminated. Therefore, it is evident that the choice of startup scenario is
important to insure startup in the desired mode.

The stability of a mode is also of importance. If an operating mode is stable, a
parasitic mode will not grow in the presence of the operating mode, even if the operation
point lies in the oscillation region of the parasitic mode - i.e. oscillation with a stable
operating mode raises the starting currents of all other nearby modes to such an extent that
they will never start in the presence of the stable mode. The stability of the operating mode
depends on the beam parameters and can change from stable to unstable as one moves in the
(e, Epeam) plane. The best operating mode will be stable everywhere within its operation
region - stable against growth of all other parasitic modes for all points in the oscillation
region. A multimode codel0 is used to determine the stability region of the TE32,6 mode and
is shown as the cross-hatched region in Fig. 9(a). In this case, for all values of a < 1.6,
the TE2; 6 mode is stable within the entire oscillation region. Therefore, once the TE32,6
mode begins oscillating it will remain the dominant mode for as long as the beam path
remains within the TEy; ¢ oscillation region.

Another effect is clear from Fig. 9(a). If for example, the diode-like startup path is
chosen, care must be taken not to "overshoot" the operating point. The point of optimum
efficiency is always located far to the right side of the oscillation region in the (@, Epeam)
plane. This means that if the beam line continues past the operating point by even a small
amount, there is a risk that oscillation in the main mode will cease allowing for another
mode, thc ‘mode with the minimum starting current at the present beam conditions, to begin
oscillating. It should be noted that the filling ume, Q/w ~ 10ns, is considerably shorter than
ramp time scales and the equilibrium states can be considered as established instantaneously.
This effect will be present for any mode which lies in a dense part of the mode spectrum and

sets an upper limit on the amount of overshoot which can be tolerated in the power supplies
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controlling Vanode and Vearhode- This must be considered in the design of the gyrotron
regulator and modulator.

Considering now mode competition between the TEz2,6 and the TE. 19,7, Fig. 9(b)
shows the locus lines for these modes, computed from Figs. 6(a) and (c) and Fig. 8.
Competition with mode TE. ;9,7 is seen to be of concem since the locus line of the TE ;9,7 is
close to that of the TEj ¢ for all paths of entry into the oscillating region of the TE 6. Itis
however seen that ideally the TE_ ;9,7 should not be excited for any of the startup scenarios
chosen since the startup path crosses the locus line of the TE22,6 mode before that of the
TE. 9,7 mode for all startup paths. The beam position of rp/a = 0.52 was chosen partially
to decouple the beam from the TE. 9,7 mode as much as possible without significantly
decreasing the coupling to the TEj2,6 mode. The effect of small errors in the beam
placement can now be examined. Fig. 9(b) is now regenerated for a beam located at
ry/a = 0.47 and shown in Fig. 9(c). The effect is immediately visible. The locus line of
the TE.;07 no longer lies completely inside that of the TE3; s mode. This means that certain
startup scenarios are more sensitive to small changes in beam position than others. Here, the
most insensitive startup scenario is seen to be that of the diode-like startup scenario 2. The
other startup scenarios 1, 3, 4, 5 are more sensitive to beam position and the allowable error
in beam position will be smaller than that for startup scenario 2. In this sense the diode
startup scenario is the "safest" from the point of view of mode competition with respect to
beam displacement.

To have a comprehensive overview of the problem of mode competition during
startup, the locus lines for all considered modes have been computed and superimposed.
This is shown in Fig. 10 for rp/a = 0.52 as well as the beam lines for startup
scenarios 1-5. The modes may be identified in a similar method to that of Fig. 2. Here itis
seen thét ;nodes well separated in frequency from the desired operating mode can be excited
during the startup. In this figure, all modc; v;ith radial mode number n = 6 have been
plotted in bold. This includes from left to right in the figure, mode TE24,6, TE236, TE226,
TEy1 6. It is immediately clear how scenarios 3, 4 and 5 will behave. Since the TE26

locus line is crossed first and the mode is stable within its oscillation region, it will be the
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first mode to start and will remain the oscillating mode during the rest of the startup, up to
and including the operation point. During these startup scenarios, unlike those of scenario 2
and the real diode scenario, no mode other than the desired operating mode will oscillate in
the cavity. Scenario 1 has been seen t0 be unacceptable, as the TE3;,6 mode risks starting
before the TE22 ¢ mode at the point where the scenario 1 beam path crosses the locus lines
of the two modes at the same time. The diode-like scenario 2 is seen to cross the locus lines
of many modes during startup. Starting at the far left of the figure on the beam path of
scenario 2, it is seen that the TE23 ¢ mode is first excited (after skimming the TE22,6 and
TE.3; 7 locus lines). It then continues to oscillate throughout its oscillation region. Though
it is not clear exactly where the TE;3 ¢ will cease to oscillate when it has reached the right
side of its oscillation region, it is seen through multimode simulations!O that it is indeed near
the locus line of the mode where the oscillations begin to damp. For the TE23,6 mode, this
occurs near & = 1.1, Epeam = 62keV. At this point the TE236 mode damps allowing for
another mode to grow. Any mode which includes the point & = 1.1, Epeam = 62keV, in
its oscillating region is capable of oscillating and will compete with the other possible
modes. At the point & = 1.1, Epean = 62keV, this is seen to include eight other modes.
Multimode simulations show that of the possible modes, the one which has the minimum
starting current at the point of interest generally is the mode to dominate. Though it is not
completely clear from Fig. 10 which mode of the eight possible modes has a minimum
starting current at this point, it is true that points located the furthest vertically from the locus
line and points displaced to the left in the oscillating region have the lowest starting current.
In this case it is the next azimuthal mode, the TE;; 6 mode, which will dominate at the point
where the TEj3 ¢ starts to damp and the TE22,6 mode will continue to be the dominant mode
up to the operating point since it has been seen to be stable against growth of parasitic modes
forits éntfre oscillation region.

From Fig. 10, it is seen that all star;up scenarios except the triode-like startup
scenario 1 will result in monomode operation in the TE33,6 mode. Scenarios 3, 4, and 5
result in a startup where only the desired operating mode is present in the cavity during the

entire startup. These startup scenarios, though, have been seen to be sensitive to beam
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placement. The diode-like startup scenario 2 is the least sensitive to errors in beam
placement but it relies on “jumping" from one azimuthal mode to the next during the startup
until the desired operating mode is reached. It is also the scenario the most sensitive to
overshoot, too great a value of which will cause a jump to another operating mode, which
may continue to oscillate suppressing the T E3,6 mode even once the beam returns to its
design operating point. Scenario 4 has the advantage that the anode and cathode voltages
can be brought up near to their final operating values, while always remaining out of the
region of oscillation. Any noise, overshoot, etc., on the voltages caused by the rapid rise
from zero to near full voltage will have no effect on the startup. Then the short path between
the "elbow" on the path of scenario 4 to the operating point can be performed in a carefully
controlled manner, avoiding any transients seen to be particularly dangerous. This though
requires reasonably precise timing for the rise of the anode and cathode voltages. Precise
timing, however, is not required for the path of scenario 5. The problem of overshoot
during the initial rise of the cathode and anode voltages using this scenario is alleviated also.
As seen in the locus plots, though, scenario 5 results in a portion of the startup where
Olbeam > Ofinal- This may result in reflection of a portion of the beam if @ is allowed to rise
too high before turning toward the operation point.

The plots of Figs. 6-10 consider only modes with longitudinal mode number ¢ = /.
There is a concern that competition may exist between higher order longitudinal modes, the
primary concern being the ¢ = 2 modes. Therefore the cold cavity resonant frequencies and
quality factors for all modes near TE22,6 for ¢ = 2 are regenerated. [t is seen that the
quality factors for these modes are about a factor of 5-6 below those of the g = I modes.
To generate the starting current for these modes, one can no longer. use the Gaussian
approximation used in the derivation of Egs. 3. Here one must use a sinusoidal

approximation and the expressions for the starting current becomes!!:
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where
|pol? = ZLL (v m?) J2(Vmn)
I

k
(8b)
Fp=—2——sin? [(x +1) qﬂ"] ,
(1-x%) 2
_ -Qc/ Y- s = QC/Y
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Here q = longitudinal mode number, me = electron mass, qe = electron charge.
Figure 11 shows the starting currents as a function of magnetic field for all modes of Fig. 2
but for ¢ = 2. Here the starting current for all modes has been conservatively divided by
the constant factor required to match the g = I minimum starting current for Gaussian and
sinusoidal assumption of the fields. Again for the magnetic field of interest, it is seen that
several modes, including the TE22,6 ¢ = 2 mode, can oscillate. To determine if these
modes can be competitive with the TE22,6 ¢ = I mode, the locus plots for the modes near
the TE22 6 mode are regenerated and plotted in Fig. 12. These curves could be directly
superimposed on the plot of Fig. 10 and it is seen from Fig. 10 that by the time the beam
reaches the oscillation region of any of the ¢ = 2 modes, the ¢ = 1 modes are well
established and almost to their nominal operating point. Therefore problems are not

expected with mode competition for g = 2 modes.

IV. Accessibility to Hard Excitation Region

Thc problem of choosing a startup scenario as it relates to access to the hard excitation
region is ‘.now considered. For the example cavity used in this paper, the beam/wave
interaction efficiency for the TE22 6 mode as a function of detuning A (defined by Eq. (2¢))
is computed and shown in Fig. 13. This is a non-linear, self-consistent, hot cavity
computation!2 and is performed by varying the applied magnetic field for constant Epeam and

c. The points on the plot can be divided into three different groups. The points marked
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with a filled circles are stable equilibrium points in the soft excitation region. These points
are accessible experimentally regardless of which startup path of Sec. III is chosen. The
points marked with open circles are stable equilibrium points in the hard excitation region.
Accessibility to these points depends on the startup scenario. The points marked with
crosses are unstable equilibrium points and therefore can never be attained experimentally
but serve to show the division between the soft and hard excitation regions. In general, to
attain operation at points in the hard excitation region, one must approach the operating point
with increasing beam detuning. From the specific example of Fig. 13, it is seen that to
access the hard excitation region points, the detuning, sometime during the pulse must cross
A = 0.46 from below before reaching its final value at A = 0.53. Itis desirable to operate
in the hard excitation region because, as is seen in the figure, the efficiency increases by
~5% as one moves from the soft to the hard excitation region. It also insures high power
operation in the case of significant power reflection back into the cavity due to impedance
mismatch. One must now determine the time evolution of the detuning values for each of the
startup scenarios 1-5 (with scenarios 3 and 4 changed somewhat for the purpose of
illustration). This is done on the same (Epeam,®) plane that was used to calculate the
oscillation regions of the competing cavity modes. For every (Epeam,) pair the detuning
can be computed for a given magnetic field. These contours are then plotted in Fig. 14(a) as
well as the startup paths shown on Fig. 10. From Fig. 14(a) it is clear which startup
scenarios allow access to the hard excitation region. Any scenario which crosses the
A = 0.46 contour sometime during its path will allow access to the high efficiency region.
In Fig. 14(a), the A = 0 contour is seen to be vertical and lie at Epeam = 51keV for all o
This implies that if the cathode voltage remains below Vearhode ~50kV at the time when the
anode voltage begins to rise, that the detuning as a function of time will increase from zero
past A = 0.46 and onto the operating A value of A = 0.53. Other scenarios are also
possible. For scenarios 1-5, if the values of c;et;zning shown on the paths of Fig. 14(a) are
plotted, one can see the time variation of detuning with each scenario chosen. The triode
scenario 1 is seen to be a monotonically decreasing function of time and therefore cannot

operate in the hard excitation region. Scenarios 4 and 5 are in principle acceptable because,
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though they start at a high value of detuning, they decrease below the threshold value of

A = 0.46 before rising again to the final value of A = 0.53. Scenarios 2 and 3 are seen to

be the safest scenarios to assure access to the hard excitation region as they are

monotonically increasing functions of time which increase directly from A =0 to

A=053.

V. Conclusions

A method has been presented to analyze mode competition in cylindrical cavity
gyrotrons. The method considers the time-evolution of the electron beam of the gyrotron
during the startup phase and self-consistently accounts for changing beam energy, alpha and
current before the beam reaches its final operating point. Oscillation regions for each
possible cavity mode are computed and used to determine when during startup a given mode
will begin oscillating. Stability of the operating mode in its operating region of parameter
space is also computed and used to assure no growth of parasitic modes in the presence of
the operating mode. With a gyrotron triode gun, the manner with which the beam is started
is seen to strongly affect the cavity wave fields during the startup portion of the pulse and in
some cases determines the final dominant mode. Longitudinal mode competition can also be
analyzed and for a typical cavity the first longitudinal mode is seen to be well established,
regardless of the startup scenario, before reaching the oscillation region of the second
longitudinal mode. Access to the high efficiency hard excitation region is seen to be
dependent on the startup scenario also. A typical triode startup, where the cathode voltage is
established at its nominal value before raising the anode voltage, will not reach the hard
excitatic;n‘region and is seen to decrease the atEainable efficiency by ~5%. A diode-type
startup, however, where the cathode and anode voltages are raised simultaneously is seen to
allow access to the hard excitation region thereby increasing the attainable efficiency by
~S%. Other startup scenarios are also possible. A stepped startup scenario, with an

intermediate cathode voltage of Veanode ~ S0V appears to be the most favorable. This
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scenario allows access to the hard excitation region and assures that only the desired
operating mode is present in the cavity during the entire startup. It is also one of the
scenarios the least sensitive to errors in beam position. Finally, it is seen that regardless of
the startup scenario, overshoot in the cathode and anode voltages must be carefully

controlled in order to assure continued operation in the desired operating mode.
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Figure captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Mode spectrum for TE modes in cylindrical waveguide for 40 < k,a < 50.

Starting current curves of modes near mode TEj; with a mode identification
table shown to the right of the plot. The bold curve is the starting current curve
for the TE,;; 4 mode. Beam parameters are o = 1.5, Epeamn = 78keV,

ry/a=0.52.

Startup scenario 1 - typical triode startup - anode voltage rises after full cathode
voltage is established. Time traces of (a) cathode + anode voltage (b) beam &
and (c) beam ¢ vs. beam energy.

Startup scenario 2 - typical diode startup - anode and cathode voltages rise
together. Time traces of (a) cathode + anode voltage (b) beam « and (c)

beam o vs. beam energy.

Startup scenarios 3, 4, 5. (a) time trace of cathode + anode voltage for startup
where anode voltage rises only after the start of the cathode voltage rise (b) time
trace of cathode + anode voltage for stepped startup where intermediate anode
and cathode voltages are established before making the final rise together to the
full nominal voltage values (c) time trace of cathode + anode voltage for
stepped startup scenario where an intermediate cathode voltage is established
before the full anode voltage is applied. The cathode voltage then rises to it's

. nominal value at full anode voltage (d) time trace of beam ¢ for previous

scenarios and (e) beam ¢ vs. beam energy for previous scenarios.

Starting current contours as a function of beam « and beam energy Esean for
(a) the TE,,s mode (b) the TE,; s mode (c) the TE. 57 mode and r,/a = 0.52.
The paths of the five startup scenarios of Figs. 3-5 are shown in bold as well as
the diode startup scenario.
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Contours of anode voltage as a function of beam ¢ and beam energy Ey..m. The
bold U-shaped curve is the [, = 20A starting current contour of Fig. 6(a). The
various startup scenarios are also shown in bold.

Contours of beam current as a function of beam ¢ and beam energy Ej,om. The
bold U-shaped curve is the I, = 20A starting current contour of Fig. 6(a). The
various startup scenarios are also shown in bold.

Locus lines for (a) TE,; s and TE,; s modes at r,/a = 0.52, b)TE;;s and
TE.;s; modes at ry/a =0.52 (c) TExns and TE.;, modes at r,/Ja =047 asa
function of beam & and beam energy Ej.... The various startup scenarios are

also shown in bold.

Locus lines in the (¢,Epeam) plane for all modes near TE 4 atri/a = 0.52. The

various startup scenarios are also shown in bold.

Second longitudinal mode starting current curves for modes near mode TE; ¢
with a mode identification table shown to the right of the plot. The bold curve is
the starting current curve for the TE;,¢ mode. Beam parameters are & = 1.5,

Ebeam = 78keV, rb/a = 0.52.

Second longitudinal mode locus lines in the (ct,Epeam) plane for all modes near

TE; s at rJa = 0.52. The various startup scenarios are also shown in bold.
Computed electronic interaction efficiency vs. detuning for Ip = 20A. (filled
circles) stable soft-excitation region points (open circles) stable hard-excitation

region points (crosses) unstable operating points.

(2) Detuning contours in the (¢, Epeam) plane with the various startup scenarios

shown in bold (b) detuning vs. time for scenarios 1-5.
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