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I. INTRODUCTION 

In'this report we summarize the results of a study program to 
investigate the feasibility of various approaches in designing a 100 GHz, 
1 MW CW gyrotron. We will begin our discussion with a summary of the 
possible configurations for a high average power, high frequency gyrotron, 
including an historical survey of experimental results which are relevant to 
the various approaches. Next we will present a set of basic scaling 
considerations which enable qualitative comparisons between particular 
gyrotron interaction circuits. These calculations are important in , 
understanding the role of various electron beam and circuit parameters in 
achieving a viable gyrotron design. Following these scaling exercises, we 
will present a series of design calculations for a possible approach in 
achieving 100 GHz, 1 MW CW. These calculations will include analyses of the 
electron gun and interaction circuit parts of the gyrotron, and a general 
analysis of other aspects of a high average power, high frequency gyrotron. 
Scalability of important aspects of the design to other frequencies will 
also be discussed, as will key technology issues. 
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; II. POSSIBLE HIGH POWER GYROTRON CONFIGURATIONS 

In any high power gyrotron design, all aspects of the tube are 
» 

critically dependent on the type of interaction circuit employed. For a 
gyrotron oscillator, the interaction circuit consists of some sort of 
resonant structure which supports a standing electromagnetic wave. The type 
of electromagnetic wave or resonant mode is chosen in a way such that energy 
is transferred from an electron beam with a given set of parameters to the 
rf fields of the resonant structure. In the gyrotron this transfer is 
accomplished through the "electron cyclotron maser" or gyrotron interaction 
in which the electromagnetic wave receives energy at the expense of the 
transverse energy of the electron beam spiraling along a longitudinal dc 
magnetic field. In addition to optimizing the interaction of the beam and 
the rf wave, high power gyrotron interaction circuit design must make 
allowances for efficient coupling of the rf power to the outside world and 
provide a means by which the electron beam can be collected without damage 
to the tube. Finally, for high frequency, the ability of the resonant 
structure to withstand heating due to ohmic losses also becomes an important 
issue. 

In the following, we will review ttia principal features of four 
different high power gyrotron configurations and the type of interaction 
circuit upon which each approach is based. These approaches include: a) the 
whispering gallery mode gyrotron, b) the circular electric mode gyrotron, c) 
the confocal resonator or quasi-optical gyrotron, and d) the two-mirror or 
quasi-eilipitic cavity gyrotron. These gyrotron configurations are by no 
means the only ways which could be considered as valid approaches in 
designing a high average power, high frequency gyrotron, but they do 
represent the concepts which have been analyzed most thoroughly and which 
have been shown experimentally to possess advantageous qualitites in terms 
of achieving the goal of a 100 GHz 1 MW CW gyrotron. 

A. WHISPERING GALLERY MODE GYROTRON 

The whispering gallery mode gyrotron employs a cylindrical cavity which 
is resonant at the desired frequency of operation in a TE m n 1 mode, where 
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" t I V m » 1 , and n~1. An example of the cross-sectional structure of a TE0 Oil 
whispering gallery mode is shown in Figure 1. From examination of the field 
structure of this mode, we find that the strongest electric fields are 

» 

located near the cavity wall, indicating that these modes are best suited 
for use in conjunction with a large-radius, hollow electron beam. Plots of 
the electric field strength in a cavity cross section of a TE._ n j 1 u, l, i 
whitspering gallery mode are shown in Figures 2 and 3 for the azimuthal and 

II 

radial components, respectively. These plots further underline the close 
proximity of the rf fields to the cavity walls. Due to this high field 
concentration near the walls, ohmic losses for these modes are comparatively 
high so that optimization of the gyrotron design for low t\f field amplitudes 
is desirable for high power operation. 

The multi-eusped or "whispering gallery" cross-sectional structure of 
these modes generally rotates, such that the resultant waveguide mode which 
diffracts out of the interaction cavity is circularly polarized. A standing 
wave (in the azimuthal direction) may be imposed in the cavity by 
introducing an appropriate number of slots, grooves, or holes inthe cavity, 
so as to break the circular symmetry of the mode. However, the interaction 
between the electron beam and a standing whispering gallery mode is less 
desirable since part of the beam will pass through a low field region where 
little interaction takes place. \. 

One of the major advantages of whispering gallery^mode gyrotrons is 
that they are relatively free from mode competition. This is due to the 
localization of the fields near the walls and the subsequent positioning of 
the electron beam in the same vicinity. In general, the only competing 
modes are neighboring whispering gallery modes. However, in actual devices 
the electron beam has a finite thickness and is often located on the inner 
side of the electric field maximum to avoid interception of the beam in the 
drift region preceding the cavity. In these cases, competition from modes 
with a field concentration somewhat removed from the walls becomes possible. 
To avoid the problems of imperfect beam size and placement, coaxial inserts 
may be employed. The use of a coaxial insert serves to reduce the effective 
area of the cavity, thereby reducing the density of possible competing 
modes. In a high average power gyrotron, coaxial inserts present difficult 

3 
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FIGURE 1. CROSS-SECTIONAL VIEW OF A TEoil WHISPERING 
GALLERY MODE 
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TE10.1,1 MODE 

FIGURE 2. CROSS-SECTIONAL VIEW OF A T E 1 0 j f l WHISPERING GALLERY MODE SHOWING 
THE AMPLITUDE VARIATION OF THE AZIMUTHAL ELECTRIC FIELD COMPONENT 
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FIGURE 3. CROSS-SECTION VIEW OF A TE 1Q 1 WHISPERING GALLERY MODE SHOWING 
THE AMPLITUDE VARIATION OF THE RADIAL ELECTRIC FIELD COMPONENT 



mechanical problems from the standpoint of support and cooling, so that for 
the present study we will' choose to investigate only cavities without 
coaxial structures. 

In the Soviet Union, pulsed gyrotrons at 45 GHz and 100 GHz have been 
•operated up to power levels of 1 M w \ Long-pulse gyrotrons (50 ms -
200 ms), generating power levels of 200 kw at 84 GHz and 100 GHz have been 

2 3 4 
developed for use in Soviet magnetic fusion experiments ' . Although the 
references do not specifically state that these gyrotrons use whispering 
gallery modes, private conversations at conferences support that conclusion. 
High frequency experiments between 375 GHz and 555 GHz, have achieved power 
levels of 60 - 120 kw with efficiencies of 8 - 15% using pulsed magnetic 

5 6 7 8 field coils ' . Pulsed experiments at Varian and UCLA have operated at 
high azimuthal index using harmonics of the cyclotron frequency. 

These experiments indicate that whispering gallery mode gyrotrons are 
well-suited to high povar, high frequency applications. In addition to 
considerations of the interaction circuit, whispering gallery modes may be 
quasi-optically converted into low loss, linearly-polarized waveguide modes 
for transport to and injection into a fusion device. This technique, 
employed in several of the Soviet experiments, allows separation of the 
spent electron beam from the rf wave after the interaction circuit, greatly 
facilitating the ultimate collection of the electron beam. Further 
description 0- /these couplers may be found in Section IV-E. 

B. CIRCULAR ELECTRIC MODS GYROTRON 

Gyrotrons which are based oh interaction with a circular electric mode 
employ cylindrical cavities, resonant at the desired frequency in a T Eg ni 
mode. In Figure 4, we show the cross-sectional structure of a ^031 
circular electric mode. In constrast to the whispering gallery mode, the 
strongest rf electric fields are located near the center of the cavity. The 
electron beam is placed on one of the inner,radial maxima of the rf electric 
field and is thus comparatively smaller than a beam used to interact with a 
whispering gallery mode in a cavity of similar size. For high power 
operation, the central location of the beam requires the use of high voltage 
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FIGURE 4. CROSS-SECTIONAL VIEW OF A TE0 3 1 CIRCULAR ELECTRIC MODE 
AND THE RADIAL PROFILE OF THE ELECTRIC FIELD 

8 



beams to avoid significant space-charge depression between the beam and the V' 
cavity walls. 

Mode competition in gyrotrons designed to operate in circular electric 
modes becomes quite severe when modes with radial indices of greater than 2 
or 3 are employed. The TE^-j family of modes are the most significant 
competing modes as th|y are resonant at nearly the same frequency as 
corresponding TEq^ modes and have a similar radial structure, such that the 
electron beam couples well to either set of modes. To suppress these modes, 
preferential loading of the competing TE^^ mode may be accomplished by 
taking advantage of the axial wall currents present for TE^^ modes but 
absent for TE- , modes. Ttfese techniques have only yielded marginal 

9 10 i! 
success ' and are probably not viable for high average power devices. 

The use of a complex or step cavity configuration can impede mode 
competition. This concept consists of a prebunching cavity resonant in a 
low order TEQn1 mode which bunches the beam, followed by a higher order 

cavity in which rf energy is extracted from the bunched beam. An 
example of a TE01/TEQ2 step cavity is shown in Figure 5. The utilization of 
this type of interaction circuit enables use of a higher order cavity mode 
in order to reduce ohmic losses to an acceptable level, while still 
retaining the stability properties of a lower order mode. The limitations 
of this technique stem from space charge depression of the beam in the 
second or extraction cavity. If the space charge fields are too high in the 
second cavity, the beam must be placed at an outer radial maximum. This 
means that the first or bunching cavity must be large enough to accommodate 
the increased beam radius. However, if the prebunching cavity is made too 
large, mode competition will again become inevitable despite the use of the 
complex cavity. Finally, we note that the general concept of a multiple 

If 
cavity or gyroklystron interaction circuit is not confined solely to 
circular electric modes, but may be employed with whispering gallery ades 
of like azimuthal indices or with the modes of confocal resonators and 
elliptical cavities. 

Though the central location of high rf electric fields of circular 
electric modes leads to space charge depression problems, significant 
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FIGURE 5. EXAMPLE OF A TE0 1 1 /TE0 2 1 STfcP OR COMPLEX CAVITY 



benefits in terms of ohmic losses may be achieved in comparison to modes 
with a field structure localized closer to the cavity walls. In addition, 
the low-loss characteristics of these modes makes them ideal for 
transmission over long distances, though the polarization of these modes is 
not normally desirable for most magnetic fusion applications. In present 
experiments the mode is typically converted to one with a linear 

11 12 
polarization outside of the gyrotron ' . In these gyrotrons, coupling of 
the interaction circuit to the outside world is accomplished by making the 
electron beam collector serve as the output waveguide. This practice 
complicates the design of the collector since abrupt changes in wall radius 
or steep wall tapers result in deleterious mode conversion. As in the case 
of whispering gallery modes, quasi-optical conversion of the mode to a 
low-loss linearly polarized mode is possible. In this case, the rf power 
can be separated from the electron beami^ We shall discuss this type of 
coupler in Section IV-E. a 

Gyrotrons based on circular electric modes have been quite successful 
n 

in experiments in the United States. Power levels of 340 kW at 28 GHz and 
14 more recently 206 kW at 60 GHz have been achieved at Varian, under CW 

}) •' " operating conditions. The 60 GHz results were obtained using a TE-,../TE-_, i U 11 U i i 
complex cavity design. A T E ^ / T E g ^ complex cavity was used iii short-pulse 
experiments, at NRL where 340 kw at 35 GHz was generated with an efficiency 

15 " ' '' ;r of 50% . Experiments at MIT have successfully^generated short-pul3s powev; 
levels of 125 kw at 140 GHz using a TEn_1 cavity with the electron beam 

16 
located at the second radial electric field maximum . <• All of these 
experiments indicate that circular electric modes have been used 
satisfactorily in present high power, high frequency gyrotrons. but the 
problems of mode competition and space-charge depression of the beam must be 
studied carefully as new levels of power and frequency are desired. 

C. CONFOCAL RESONATOR OR QUASI-OPTICAL GYROTRON 

A gyrotron based on a confocal resonator consists of two confocal 
mirrors with their axes oriented perpendicular to the dc magnetic field. 
The electron beam is positioned to coincide with longitudinal (transverse to 
the beam axis) maxii.ia of the fundamental (TEM_n) mode of the confocal 



resonator. We note that it is also possible to propagate the beam along the 
axis of the confocal resonator (or similar optical cavity) and obtain a 

17 18 gyrotron interaction ' but in this geometry the interaction requires 
19 ^ electron beams with negligible velocity spreads and, in addition, many of 

the advantages of using a confocal resonator are not utilized in this 
configuration. 

A schematic diagram of a confocal resonator gyrotron is shown in 
Figure 6, indicating the orientation of the resonator axis and direction of 
electron beam propagation. A cross section of the resonator and beam is 
shown in Figure 7. The obvious advantages of the confocal resonator 
approach are the large available areas for the beam and resonator. In 
addition, the electron beam and rf output are separated facilitating 
collector design, as mentioned earlier. For interaction with the T E M Q 0 

mode, output coupling is most easily obtained by placing a hole in one of 
the mirrors forming the resonator, and the emerging Gaussian mode is ideally 
suited for transport to or injection into a fusion device. 

However, there are several disadvantages of this approach which make it 
less desirable for high average power applications. These disadvantages^ 
include: 

- extreme mode competition 
low efficiency u 

|7 - potential depression//' 
li 
/ - high cavity electric field strength 

- support structure effects on cavity fields 
- ( complicated vacuum design 

Some of the disadvantages are interrelated. For example, the potential 
depression of the beam in the interaction region can be minimized by making 
the gap between the beam tunnels (see Figure 6) and the interaction region 
as small as possible. However, the beam tunnels will then interfere more 
with the resonator rf field pattern causing scattering and increased power 
loss. A non-reflective coating on the outer surfaces of the beam tunnels 

12 
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FIGURE 6. CONFOCAL RESONATOR GYROTRON 
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F I G U R E 7. CROSS-SECTIONAL V I E W O F A C O N F O C A L R E S O N A T O R . T H E H O L L O W 
G Y R O T R O N B E A M I N T E R A C T S W I T H R E S O N A N T T E M M O D E S O F T H E C A V I T Y . 
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may be an adequate solution, though the coating must be compatible with the 
vacuum environment and the power levels present in a megawatt tube. 

The inherent lower efficiency of this approach is caused by several 
basic factors which appear difficult to avoid. In the confocal resonator, 
there are standing wave patterns in both the axial and transverse directions 
which result in differences in the forces applied to electrons in various 
parts of the hollow beam cross section (see Figure 7). The high cavity 
field strength needed for optimized interaction is related to these same 
basic standing-wave effects. High cavity fields imply high values of the 
loaded Q of the cavity and correspondingly low values of the ratio of the 
loaded Q to the ohmic Q. The high rf fields may cause breakdown problems or 
excessive heating in poorly cooled portions of the tube. Finally, the 
viacuum-dewar design of this device is very complicated since it will be "hard 
to separate the dewar from the vacuum envelope of the tube. 

At the present time, this concept is being explored at NRL in an 
experiment designed to reach a power level of 100 kW at 120 GHz in short 

20 
pulse operation. These experiments are still in progress. Though no 
significant power levels have been obtained thus far, it is hoped that the 
basic features of the interaction circuit will be verified in these 
experiments. In addition, these experiments will examine a two-cavity 
confocal resonator circuit, similar to the complex cavity discussed for 
circular electric modes. Theoretical calculations indicate that mode 
competition will be reduced while interaction efficiency will be increased 21 
by using the two-cavity concept , thereby reducing some of the drawbacks of 
the confocal resonator concept. 

D. TWO-MIRROR OR QUASI-ELLIPTIC CAVITY GYROTRON 

A gyrotron using a two-mirror or quasi-elliptic cavity is based on the 
interaction of a hollow electron beam placed on one of the radial maxima of 
a TE 1 n 1 mode in a quasi-elliptic cavity with longitudinal (along the axis of 
the beam) slots in the side walls. The configuration for interaction with a 
TE1 1 mode is shown in Figure 8. In essence, this approach is similar to 
the confocal resonator with the exception that the mode patterns are closer 

15 
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FIGURE 8 CROSS-SECTIONAL VIEW OF A QUASI-ELLIPTIC TWO-MIRROR CAVITY, 
RESONANT IN THE T E 1 1 0 . 1 M 0 D E 
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to those of a cylindrical cavity than the optical modes of the confocal 
resonator. Radiation from the interaction is coupled out the end of the 
cavity rather than through the center of one of the mirrors as was the case 
for the confocal resonator. 

' I 

In contrast to the whispering gallery gyrotron, the TE 1 n 1 mode in a 
slotted cavity is linearly polarized, as is the output waveguide mode. The 
output may be transformed quasi-optically into a mode suitable for low-loss 

22 
transmission to the desired location . The slots (on each side of the 
cavity in Figure 8) are added to prevent competition with whispering gallery 
modes as they break the azimuthal symmetry of these modes but leave the 
TE 1 n 1 modes unaffected. 

The major disadvantage of this concept is the lower efficiency due to 
the fact that' the hollow electron beam passes through regions of both high 
and low rf field strength, so that some of the electrons do not contribute 
to the interaction. This is analogous to the problems encountered with the 
confocal resonator. To alleviate this problem one may shape the cathode 
emitting surface to produce a beam that coincides with the region of high rf 
electric field in the cavity, though this is probably not practical for 
reliable high power application. It has been shown theoretically that 
minute changes in the ellipticity of the cavity walls (mirrors) also affect 

23 
the efficiency of the interaction . This aspect may cause problems in a 
high average power environment where ohmic losses in the cavity walls may 
cause harmful distortions of the cavity. Fortunately, the,ohmic losses for 
T E

1 n l modes are relatively low so that cavities of sufficient surface area 
for handling' the power dissipated in the walls will not have to be too large 
(and overmoded). 

There have been several experiments in the USSR using two-mirror 
quasi-elliptic interaction cavities, the most noteworthy of which produced a 
pulsed power of 350 kw with an efficiency of 25% at a frequency of about 

24 
100 GHz . Single shot, relativistic experiments resulted in power levels 
as high as 12.5 Mw at 40 GHz, with an efficiency of 6% and 25 Mw at 456 
efficiency25. 
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III. SCALING CONSIDERATIONS FOR HIGH POWER GYROTRONS 

To gain a qualitative insight into the role of various factors which 
limit the power level achievable for a given frequency, we have performed a 
series of scaling calculations which indicate general parametric trends, 
enabling comparison of different interaction configurations. In these 
calculations wfc-treat interactions in conventional gyrotron cavities, though 
similar calculations could be carried out for confocal resonators or 
elliptical cavities. The limiting factors which we will include in these 
calculations are: 

ohmic losses in the cavity 
potential depression of the beam in the cavity 
beam density in the cavity (a combination of allowable cathode 

loading and beam area convergence) jj 
!' ' / 

We have chosen technologically feasible limits for each of the above factors 
to serve as guidelines within which a practical gyrotron must be designed. 
These technology limits, together with assumptions concerning tube 
efficiency and optimum electric field for given beam voltages, allow one to 
calculate the ultimate power capability of a particular approach. In the 
following we briefly describe how the above three limiting factors are 
calculated and then give examples of their application to specific 
interaction circuit approaches. A more detailed description of the 
techniques applied here may be found in reference 26. 

A. OHMIC LOSSES IN THE CAVITY 
)) 

2 
The interaction circuit must be capable of withstanding the I R losses 

produced by the rf magnetic fields of the electromagnetic waves in the 
circuit. The average amount of power dissipated per unit area in the cavity 
walls is given by: 

18 



where Q. and Q are the loaded and ohraic Q's for the cavity, respectively, S 
Li O 

is the surface area over which the power is dissipated and P Q is the power 
which diffracts out of the cavity (QL « Qq). For a right-cylindrical 
cavity this may be rewritten: 

P „ QL P q (KW) ( 1 . 5 4 X 1 0 - 3 0 ) W / C N 2 ( 2 ) 

X " 1 f-mn/ 

whore we have used an approximate expression for Q n: 
2 

( 3 ) 

r 
In these expressions, m is the azimuthal mode number, X is the nth root of i mn 
J (x)=0, L is the length of the cavity in units of free space wavelengths, 
m —1 /2 and we have used a skin depth, 6 , equal to 6.6 f cm, which is 

*, T s 
appropriate for copper (assuming ideal surface conditions exist on the 
copper). In any efficient tube, some electrons must remain in the cavity 
just long enough to have most of their energy removed. That is equivalent 
to stating that 

Vb = EA , (4) 
)i 

where E is the rf electric field amplitude at the position of the electron 
beam, V^ is the beam voltage, an A is a geometric factor related to the path 
length of an electron through the cavity and the time integral of the 
electric field along that path. Using Equation 4 and th^ fact that in any 
tube the output power is related to the beam voltage and beam current, 1^, 
by the efficiency, n: 

Po = n Xb Vb ' (5> 

the loaded Q, QL, of the cavity may be written 

19 



In Equation 6 we have used the definition of QL: 

Q S - i L a)P_ 
FE£ 

"Vb 
(7) 

where U is the energy stored in the cavity and F is a geometric factor 
involving the cavity geometry and mode. Equation 2 may now be written: 

P = 

(1.54 x 10-30) F V I 
.A2 . 

(kW) 

Vb V 1 »2 X mn _ 

•2 X L mn 

,5/2 ( 8 ) 

c / 2 

This expression shows the usual f 3 scaling factor for cavity wall loading. 

B. POTENTIAL DEPRESSION OF THE BEAM IN THE CAVITY 
A simple expression for the potential depression at the inside of a 

hollow electron beam can be developed if we make the assumptions of uniform 
current density and uniform axial velocity over the beam cross section. 
These assumptions are reasonable if the discussion is limited to small 
amounts of potential depression (10%). The potential depression is given 
by: ' 

AV. 

V. 4ire v. b o II 
1 - + 2 In ft) (9) 

where vn is the parallel velocity 

20 



V1 - < w J (10) 

r1 is the inner radius and r g the outer radius of the beam, and r^ is the 
cavity radius. In Equation 10, v^ is the transverse velocity and y is the 
relativistic factor. 

Using Equation 5 we may write the maximum power for a given potential 
depression, beam voltage and efficiency: 

P ^ y v ^ v . 1- -In 
I ? ) 

+ 2 In /V 
V 

- 1 

( 1 1 ) 

We see that the maximum power limit given by potential depression alone is 
independent of frequency. 0 

(I 

C. BEAM DENSITY IN THE CAVITY n 

u -
v The limits imposed by maximum cathode loading and reasonable area 

It 0 ' 
convergence oii the beam yield a maximum possible cavity beam density. Once 
maximum values for the cathode loading and beam area convergence are chosen 
we may write an expression for the,power limits due to these factors: 

° Po = Jmax Rmax 11 Vb A (12) 

where J is the maximum cathode loading, R is the maximum area max ° max 
convergence, and A is the beam area. For a hollow beam located at the s 
electric field maximum in the cavity, A is given by: 

th 

? » — A s A X .. A. m±1 ,s (13) 

21 



In Equation 3, x' . , is the s t h root of J1 . , (X) = 0 and A is the m ± 1 , s m i l 
thickness of the beam in units of X. Equation 12 may now be written: 

• -

P = J R nV, X ' , M 2 . (14) o max max b m±1,s 

The power limit imposed by beam density considerations is thus proportional 
2 

to X for a given voltage and efficiency. 

D. APPLICATION OF TECHNOLOGY LIMITS 
As is evident from Equations 8, 11 and 12 the beam voltage is a common 

parameter which serves to tie all of ths limiting factors together and can 
serve as a free parameter in calculating the ultimate power of a particular 
configuration. In Table 1, we have listed values for the various limiting 
factors discussed above which are in line with current technological 
capabilities. In addition, we have listed typical values for the remaining 
beam and circuit parameters which will allow us to calculate the maximum 
power as a function of frequency as limited by the various factors, for a 
specific mode and beam position. The results of applying these, technology 
limits for a given approach may be summarized graphically on a plot of power 
vs frequency (or wavelength) as shown in Figure 9. One begins by choosing a 
beam voltage, V ^ ^ , for which the maximum power achievable can be 
calculated for a given potential depression (10%) by using Equation 11. 
This calculation results in a horizontal line on our power v3 frequency plot 
(located at 10^ W in Figure 9). This represents the minimum beam voltage at 
which the power level indicated can be achieved for the chosen circuit 
configuration. Next, we use Equation 8 to calculate the maximum frequency 
(or minimum wavelength) achievable with a voltage as limited by 
cavity wall loading (depending on which value of p was chosen in Table 1). 
In Figure 9, this point is represented by the dot labeled, "1.9 E X = 
^jinl"* ^ a v e n o w d ek e r m* n ed the maximum power and frequency achievable 
with as limited by cavity wall loading and potential depression. 
Finally, we use Equation 14 to determine limitations due to cavity current 
density for the voltage, V . .. This calculation results in the diagonal mini 
line shown in Figure 9. The intersection of this line and the horizontal 
line defined by-potential depression considerations defines a region (solid 
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Table 1 
Technology Limits 

Parameter Value 

Cavity wall loading 
due to ohmic losses, p 

1 kW/cm „ 
10 kW/crn* 

100 kW/cm 

Potential Depression, 1 0% 

2 Current density in cavity, 1000 A/cm 
J R max max 

Beam and Circuit Parameters 

Cavity length, L 5 
(normalized to X) 

Beam thickness, A 1/8 
(normalized to X) 

Beam voltage - electric 1.9 X 
field proportionality 
constant, A 

Efficiency, T\ 50% 

Perpendicular to parallel 2 
velocity ratio, Vj/v(| 

Remarks 

Standard cooling 
Advanced cooling 
concepts 
Microsecond pulse 
applications only 

Typical for high power 
gyrotrons 

Cathode loading of 
2 2 5 A /cm and area 

convergence of 200 or 
cathodegloading of 
10 A/cm and area 
convergence of 100. 

Typical cavity length 
for efficient gyrotrons 

Ideal beam thickness 
(two Larmor radii 
thick) is Pj/ir, so 1/8 
is near this limit. 

Determined from large 
signal calculations for 
optimum efficiency. 
This value may vary by 
as much as 50% for 
different cavity 
configurations. 

Typical calculated 
efficiency. 

Maximum velocity ratio 
in present gyrotrons 
with magnetron 
injection electron 
guns. 
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11 11 

lines in Figure 9) within which one may safely operate using a voltage, 
Vmin1* H a d t h e poinfc d e f i n i n 6 the limits due to cavity wall loading 
occurred at a lower frequency than the intersection of the two solid lines, 
operation would have been further limited to the right of this point. A 
full examination of a given circuit approach is obtained by performing the 
same sequence for several beam voltages. The locus of points indicating 

/ / 

limits due to wall loading will'now form a<diagonal line while the other two 
limits will delineate a family of regions defined by the different voltages. 

In Figure 10, we apply this technique to the geometry of the present 
28 GHz and 60 GHz Varian gyrotrons - that of a TE Q 2 mode with the beam on 
the first radial maximum. We see that the powers achieved by the two 
designs lie within the 100 kV region but outside of the 30 kV region. In 
addition, they both lie well within the minimum cavity wall loading limit of 

2 
1 kW/cm . In Figure 11, we examine the difference in locating the beam at 
the second maximum of the same TEq2 cavity. In general, we see that lower 
voltages can be employed for given power levels as one would expect. 

We have performed similar calculations for several whispering gallery 
modes and circular electric modes in order to evaluate the parameter ranges 

26 
suitable for operation at 100 GHz and 1 MW CW. Rather than enumerate all 
of these calculations, we will merely summarize the important results. 

For the whispering gallery gyrotron, it was found that modes ranging 
between TE1Q 1 1 and TE2Q 1 1 would be suitable for 1 MW CW at 100 GHz, 
provided that low voltage (30-50 kV), high current (80-50 A) beams are used. 
Such beams are possible in whispering gallery cavities since the beams are 
located near the cavity walls yielding large beam areas and reduced 
potential depression. Higher voltage beams would also satisfy these 
criteria but then higher cavity electric fields are required for optimum 
efficiency (Equation 4), which in turn, exceed the cavity wall loading 

p 
limits (1 - 10 kW/cm for CW operation). The implication of the low 
voltage, low electric field operation indicated by these considerations is 
that cavities for whispering gallery modes must possess very low values of 
Q. (see Equations 6 and 7). 
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In contrast to the whispering gallery modes, gyrotrons using circular 
electric modes must use higher voltage (90 - 120 kV), lower current 
(27 - 20 A) beams when the beam is located at the second or third electric 
field maximum. Nodes ranging between T E ^ and TE Q g i would be suitable 
candidates for 100 GHz, 1 MW CW. We saw in Figures 10 and 11 that the TE Q 2 1 

mode was marginal in terms of the cavity wall loading limitations at 100 GHz 
and 1 MW power levels, necessitating the use of higher order modes. One 
might think that placement of the beam at still higher order radial maxima 
(in the higher order circular electric modes) would allow operation at lower 
voltages, but the practical considerations of mode competition quickly 
preclude this solution (at least for standard cavities). 

These scaling calculations have included many assumptions that must be 
investigated by more exact calculations before an actual gyrotron design can 
be assessed. Nevertheless, the role played by the various technology limits 
included in these calculations is emphasized in this type of analysis. The 
trends evident in this treatment yield starting points for the more exact 
calculations which follow. 



IV. DESIGN CALCULATIONS 

From the general discussion of possible high power gyrotron 
configurations of Section II, it is obvious that the whispering gallery and 
circular electric approaches are the most appropriate in terms of immediate 
development into a reliable 100 GHz, 1 MW CW gyrotron. The unsolved and 
unexplored problems of the confocal resonator and the two-mirror quasi-
elliptic concepts render these approaches less desirable and more risky. 
During this study program several whispering gallery and circular electric 
modes and configurations have been analyzed. As an example we shall show 
typical design calculations for the T E ^ 1 1 whispering gallery mode. 

The design calculations for the TE1C . . interaction cavity will 15,1»i 
include: 

- cavity design - consistent values of loaded Q 
large-signal efficiency analysis 
mode competition - small-signal starting currents 
gun design considerations 
output coupling concepts 
design scalability 
technology issues 

The goal of these calculations is to show design concepts which are directly 
applicable to the design of a 100 GHz, 1 MW CW gyrotron. 

A. CAVITY DESIGN - CONSISTENT VALUES OF LOADED Q 

The initial step in designing cavities suitable for high average power 
operation is to evaluate the limitations due to cavity wall loading. This 
process leads to the determination of maximum electric fields or maximum 
values of the loaded Q, Q^, which may be tolerated for a given dissipated 
power density on the cavity walls. From these criteria one must determine 

// 
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if the indicated value of Q^ is achievable and is in line with optimum 
efficiency operation. In this section we illustrate an example of a 
possible T E ^ ^ 1 cavity design. 

In Figure 12 .we show a schematic of a cavity design for the T E ^ ^ ̂  
mode and the resultant electric field profile, calculated using weakly-m 
varying waveguide theory. This design has a length of MX and has a wall 

27 profile typical of standard tapered gyrotron cavities . In this design a 
loaded Q of 126 was obtained yielding an average wall loading of 1.9 - 2.4 

2 
kw/cm depending on whether the cavity length over which the power is 
dissipated ends when the reflection coefficient from the output taper 
reaches zero 5X), or at the beginning of the output taper ( a 4X). For 
low Q cavities, such as the design considered here, the former 
interpretation is more exact. 

In Figure 13, we show a second TE,_ , , cavity design. The loaded Q of la, i, l 
this design was 64, which we found to be about the lower, limit of achievable 
values of Q,. The cavity length is 2.5 X and the resultant wall loading is u 2 
between 1.4 and 1.9 kW/cm . When efforts were attempted to arrive at still 
lower values of Q^, the whole concept of a resonant cavity disappeared. 
Such designs and even marginal designs such as the one in Figure 13 are 
probably impractical due to the sensitivity of operating with low Q cavities 
in the presence of windows of finite bandwidth and imperfect loads. In 
addition, the effect of the beam on the Q of such low Q cavities is probably 

28 important and must be investigated before arriving at a final design. 

B. LARGE-SIGNAL EFFICIENCY ANALYSIS 

The purpose of these large-signal calculations is to analyze the 
saturated efficiencies of a givten interaction circuit in order to determine 
the optimum operating parameters. These calculations enable us to verify 
the feasibility of the cavity design 

All of the large signal calculations are carried out using computer 
programs which numerically integrate the trajectories of an ensemble of 
electrons, with specified energy and perpendicular to parallel velocity 
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ratio, through the rf fields of the cavity and the applied dc magnetic 
field. We will use the exact rf fields for an open, tapered cavity. The 
present calculations do not include the effects of beam loading on Q L or the 
electric field profile. The effects of velocity spread in the electron beam 
and the radial space charge fields of the beam are not included, since these 
two effects have only marginal impact on the efficiency of gyrotron 
oscillators. 

Results of a series of large signal calculations for a wide range of 
voltages are shown in Figure 14 for the T E ^ 1 ^ cavity design of Figure 12. 
These calculations employ an electron beam with a velocity ratio of 2, 
situated at the rf electric field maximum of the TE 1 C , . mode. For our • 11 i 
purposes we will define the electric field maximum as the peak value of the 
algebraic sum of E and E.. This definition of the electric field .maximum r 9 
is justified since the mode pattern in the cavity is circularly polarized 
where the orbiting electrons will see E^ and then E^ in space and time 
quadrature, so that the effects of the two fields on the electron's motion 29 will add algebraically . 

From the curves for the different voltages we see, as predicted from 
our scaling arguments in Section III (see Equation 4), that the electric 
field (or the square root of the output power) is directly proportional to 
the beam voltage for optimum efficiency. For 1 MW operation we observe that 
a beam voltage of about 50 kV yields the optimum efficiency (~ 52%). The 
efficiency is defined as the total efficiency of the interaction and is 
given by the average energy lost by the electrons divided by their initial 
energy. As expected, lower voltage beams yield optimum efficiencies at 
lower power levels, while higher voltage beams are optimum for higher power 
operation. The points plotted on Figure 14 are optimized with respect to 

'the value of the applied dc magnetic field - each point was obtained by 
sweeping over a range of magnetic field values for a given electric field 
amplitude (power level). 

From these calculations, it appears that this TE1C. . . cavity design is 
suitable for a 100 GHz, 1 MW gyrotron employing a beam voltage of 50 kV. In 

2 afinal design one must determine whether the wall loading of about 2 kW/cm 
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is too high, and whether the effects of the beam on loaded Q and cavity 
fields greatly alter the performance of the cavity. 

C. MODE COMPETITION - SMALL SIGNAL STARTING CURRENTS 

In high average power, high frequency gyrotrons, the limits discussed 
earlier concerning wall loading dictates the use of larger cavities, resonant 
in higher order modes. One of the main problems of highly overmoded 
cavities is mode competition by modes resonant at frequencies near the 
desired operating frequency. A measure of the frequency difference at which 
mode competition becomes important is obtained by comparing the frequency 

30 
difference with the gain bandwidth of the desired mode . For a frequency 
difference, Af, a cavity length, L, and a parallel beam velocity, v^ = fĵ c, 
this condition predicts mode competition to be troublesome if: 

Af a x 
— < - = — (15) 
f L 

Thus, for higher voltage beams (higher g|() and shorter cavities, this 
becomes more stringent for a given frequency separation of the desired and 
competing modes. As an example of the limitations of this restriction, we 
will substitute values of (= 0.185 for a = 2, V 0 = 50 lcV) and n 
L/X (= 4.0), for the tapered T E ^ j 1 cavity design discussed in the 
previous two sections, into Equation 15. For these parameters, this simple 
argument predicts mode competition problems for Af/f < 4.6%. 

In Table 2 we list values of Af/f for several cavity modes including 
our TEjj. 1 ^ example. For this analysis we choose only competing modes 
which have a lower frequency (resonant at lower magnetic fields) than the 
desired mode since these are the modes that inhibit high efficiency 

15 28 operation. ' The nearest competitor to the TE1C .. , mode is the TE„ _ , 7,3»" 
mode with a mode separation of 2.9%. However, as we mentioned in our 
opening comments concerning whispering gallery modes, the only modes with 
sufficient field strength near the cavity walls which are able to couple to 
a beam of the size used for whispering gallery designs are neighboring 
whispering gallery modes. For the TE._ . mode the competing whispering -'O,t, i 
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Table 2 
Frequency Separation of Various Modes 

and Their Competing Modes 

Mode 

TE15.1.1 

TE„ 

Competing Mode 

TE 
'15,1,1 

2 0 , 1 , 1 

TE, 021 

TE 

TE 
031 

061 

TE, 

TE 

TE 

TE 

TE 

TE, 

731 

11.1.1 

19.1,1 

221 

231 : 

261 

Separation Af/f (S) 

2.9% 

6.1* 

4.7% 

4.4% 

2.0% 
0.5% 

\ 



gallery mode Is the TE11( 1 ^ mode with a frequency separation of 6.1%. As 
expected, for higher order modes the frequency separation diminishes for 
successive whispering gallery pairs as evidenced by the 4.7% separation 
between the TE2q ^ ^ mode and the competing TE^g ^ ^ mode. As an aside, we 
note that the same trend is not necessarily true if one considers just the 
nearest competing mode as we did for the TE731 mode competing with the 
TE.c . , mode. From among all of the TE modes for n = 10 to 20, only the 15,1,1 m i 
TE 1 2 1 ^ (4.6% separation from the TEQ|)1 mode) and the T E ^ ^ 1 mode are 
separated from their nearest competitors by more than 1.5% (hence, one of 
the minor contributing factors in our original choice of the T E ^ ^ ^ mode). 

The final three entries in Table 2 show the frequency separation of 
various T E 0n1 TOdes a n d corresponding competing TE^i m o d e s* A s i s 

evident from these numbers, mode competition for the TE^^ modes rapidly 
becomes critical for higher order modes. It is this problem that has led to 
the use of coaplex cavities = 

To gain a more accurate description of the mode competition problem of 
various modes, small-signal calculations may be carried out showing the o 
relative oscillation threshold conditions for the desired and competing 
modes. For our analysis, we will use the idealized fields of closed, right-
cylindrical cavities. The electron beam is assumed to be thin and located 
at the desired radial electric field maximum of the cavity. Since the 
calculations are meant to show trends and characteristics for the different 
interaction circuit concepts rather than give exact numbers, these 
assumptions are not important in this analysis. The calculations are based 

30-on the linear theory of Kreischer and Temkin . 

In Figure 15, we show a plot of the starting current as a function of 
magnetic field for the TE,_ , mode and the nearest competing modes. We 13,i,i 
have chosen a cavity length of 4A (1.2 cm at 100 GHz) a beam voltage of 
50 kV, a velocity ratio of 2, and a loaded Q of 100 for all of the modes. 
These values correspond approximately to the T E ^ ^ ^ design analyzed in 
previous sections. As expected, we see that the T E ^ ^ ^ mode is the 
closest competitor with similar threshold levels. The and n-v notations 
indicate the different rotational directions of the modes since all of the 
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nodes are assumed to be circularly polarized. If no. sign is indicated, the 
second mode rotating in the opposite direction has threshold conditions off 
the scale of the graph. Only modes with a longitudinal index of 1 are 
plotted since higher order longitudinal modes have lower values of Q^ and 
are not as important in a general mode competition comparison. 

In addition to the T E ^ 1 1 mode, the T E ^ 2 mode is also a 
whispering gallery mode and may be a possible competitor at high beam 

I 

currents. We note that the closest competitor, the TE^^^ mode, is well out 
of the desired operating range of the present 1 MW gyrotron under 
consideration (~50 A g 50 kV). The positions of the various threshold 
curves will change slightly if the position of the beam is detuned from the 
TE,_ , . maximum or if the finite thickness of an actual beam is modeled. 15,1,1 
However, these calculations indicate that the T E „ . , mode is relatively i•i 
free of mode competition. 

D. GUN DESIGN CONSIDERATIONS 

In our discussion of a 100 GHz, 1 MW gyrotron design we have assumed 
that the hollow, spiraling beam was formed by adiabatically compressing the 
electron beam from a magnetron injection electron gun, operating under 
temperature-limited conditions. This type of gun has been used in most 
gyrotron oscillators with good results. In addition, this type of gun is 
particularly suited for the formation of the large-diameter beams 
appropriate for whispering gallery modes such as our TE.,. , , example. Some ~ C 13,1,1 
gyrotron amplifiers have employed space-charge limited Pierce guns in 
combination with bifilar helices , and "kicker" electric fieldsJ . These 
designs have had some success and are suited for operation in circuits where 
the rf electric field maximum is located near the center of the waveguide or 
cavity. However, for the present study, we will confine our discussion to 
the use of magnetron injection guns. 

In beginning the design of a magnetron injection gun for use in a high 
power gyrotron, one is generally limited by one of several considerations 
concerning the cathode. The following is a brief summary of the various 
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limitations placed on the cathode for high power, high frequency gyrotrons, 
and an example of a gun design. 

Cathode Radius 

The actual size of the cathode is determined primarily by the desired 
size of the beam in the interaction circuit and the magnetic compression 
ratio. The range of cathode radii which can be employed for a given design 
is generally quite narrow. If the cathode is too large, one encounters 
problems of space charge in the acceleration region. These effects lead to 
poor beam quality and make it difficult to achieve the desired amount of 
perpendicular energy at the interaction circuit. Because of this effect, 
higher compression ratios are required because of the increased space-charge 
fields in the gun. High compression ratios can lead to mirroring of the 
electron beam before the interaction cavity as well as increased velocity 
spread. On the other hand, if the cathode is made too small, high gun-anode 
or main anode voltages are required which lead to breakdown and arcing 
problems. 

Cathode Loading 

As mentioned in our scaling calculations in Section III, the problem of 
cathode loading is important in determining the frequency limits of high 
power gyrotrons. At the present time, temperature-limited cathodes can emit 

2 2-4 A/cm under CW conditions and maintain long cathode lifetimes. For 
2 

pulse applications, a cathode loading of up to 10 A/cm is possible, while 
still maintaining long life. Use of advanced cathode coatings enable these 
higher emission densitites for lower heater temperatures. However, because 
of the more hostile environment encountered during CW operation due to 
back-ion bombardment and other contaminating mechanisms, the delicate 
coatings may be damaged or destroyed. In addition, higher, heater 
temperatures are required for CW operation due to cathode emission cooling. 
This further diminishes cathode life expectancies. As a general rule of 
thumb for the current 100 GHz, 1 MW CW gyrotron, we will employ cathode 2 
densities of between 5 and 10 A/cm , realizing that our upper limit of 

2 10 A/cm is somewhat optimistic for CW operation. 
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From the design point of view, high cathode loading can also lead to 
the space charge problems discussed above. If the cathode loading is too 
low, one must lengthen the axial extent of the cathode to achieve the 
desired beam current. This in turn creates a thicker beam. Thick beams 
suffer greater velocity spread due to geometrical errors in the beam 
formation region and differences in the space charge depression across the 
beam thickness. Finally, a thick beam in the interaction circuit may lead 
to lower efficiency and increased mode competition. 

\ ,i 

Cathode Angle 

The angle of the cathode emitting surface with respect to the applied 
dc magnetic field is critical in determining the size and quality of the 
beam. If too large an angle is employed, the beam again becomes thick, 
causing the undesirable effects discussed above. If the cathode angle is 
too small, the resulting beam can become highly non-laminar which can affect 
beam quality and sensitivity to operating parameters such as beam current 

33 

and gun-anode voltage . 

Gun Design 
j. 

Using the adiabatic equations of motion for magnetron injection 
3M 35 

guns ' which include the above cathode considerations, we calculated the 
initial design parameters and electrode geometry for a 50 kV, 50 A gun 
design for use with the TE1C , . mode. 

From the initial calculated parameters and electrode shapes, detailed 
gun simulations were carried out on the computer. Several iterations 
involving the detailed cathode and gun-anode geometry were performed for a 
variety of gun-anode potentials. The goal of these iterations was to arrive 
at a design which possessed the desired perpendicular to parallel velocity 
ratio (=2) at the circuit and still maintain good beam quality 
(Avj/v^ < + 5%). For these calculations, the behavior of the beam at the 
circuit was determined by adiabatic compression of the electron trajectories 
once they were well within the main anode or drift region. In addition, the 
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magnetic field used was an ideal, flat field in the gun region rather than 
the field of an actual magnet. These approximations are justified since the . 
gun design is meant to be exemplary, though a final design should be 

9 
investigated in the actual magnetic environment and trajectories should be 
taken all the way to the interaction circuit. 

In Figure 16, we show an example of a 50 kV, 50 A gun design. We note 
that the beam is quite laminar in the accelerating region as desired for low 
velocity spread. The example in Figure 16 is for a cathode loading of 

2 2 10 A/cm , but a loading of 5 A/cm was also used in many simulations with 
the only major difference that the resultant beam was somewhat thicker. In 

2 
Figure 17 we show the results of simulations for 5 A/cm cathode loading as 
we plot a (= 3^/0(|) and APj/fJ^ as a function of gun-anode voltage. We note 
that we have achieved a value of a = 2 for A g ^ / p ^ + 5% without the 
mirroring of any electrons. The set of parameters for this preliminary 
design are shown in Table 3. 

Before the design shown in Table 3 can be considered a final design, 
the voltage gradients and electrode spacings must be analyzed to be sure 
that they are compatible with reliable gun performance. As an example, the 
spacing between the beam and the gun anode in the design shown in Figure 16 
is too close for reliable operation without beam interception, though in the 
presence of an actual magnetic field which gradually increases in the axial 
direction, the spacing may be tolerable in this instance. 

E. OUTPUT COUPLING CONCEPTS 

As mentioned in our initial discussions on high power gyrotrons in 
Section II, it is highly desirable to employ a form of output coupling in 
which the rf is separated from the electron beam in the collector. This 
greatly facilitates the design of the collector, decreases the vulnerability 
of the output mode to mode conversion, and in many concepts enables 
extraction of the rf in the horizontal direction (perpendicular to the tube 
axis which is normally vertical) which facilitates transmission to the load 
without the need for bends or elbows. 
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FIGURE 16. EXAMPLE OF 50 kV. 50A ELECTRON GUN DESIGN FOR THE TE1S 1 , 
WHISPERING GALLERY MODE. THIS PARTICULAR DESIGN HAS A. GUN-
ANODE VOLTAGE OF 17 kV, A CATHODE MAGNETIC FIELD OF 1.5 kG. 
AND A CATHODE LOADING OF 10A/cm2. 
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Table 3 
Preliminary Parameters for TE 1 5 1 1 Gun Design 

Beam Voltage 50 kV 
1 ^ 

Beam Current 50 A 
2. 

Cathode Loading 5 A/cm 

Gun-Anode Voltage 24 kV 

Gun Magnetic Field 1.73 kG 

Cathode Angle 25° 

Cavity Magnetic Field 38 kG 

Compression Ratio 22 
Velocity Ratio (3/3,) 2.2 

Perpendicular Velocity Spread 
u s y ^ ) +5.5% 

Beam Radius at Resonator 0.76 cm 

Beam Thickness 4.28 r, 
(rL = Larmor radius) 

0 

\ 
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Present gyrotrons at 28 GHz and 60 GHz, which operate in the TE Q 2 1 

mode, do not have this feature. Instead, the collector serves as the output 
waveguide from the cavity to the window. Because of this, the collectors 
are long and the risk of mode conversion requires carefully designed and 
fabricated tapers from the cavity to the collector and from the collector to 
the window. For 100 GHz, 1 MW CW operation, the problem becomes even 
greater for "straight-through" coupling since mode conversion problems 
increase with frequency, and the beam power to be dissipated in the 
collector is multiplied by a factor of 5 over the 28 GHz and 60 GHz designs 
which generate 200 kW CW. 

•} 

Some of the early 28 GHz CW gyrotrons were constructed with miter bends 
that separated the electrons from the rf before the collector to try and 
circumvent the problems of straight-through coupling. Unfortunately, such 
miter bends introduced high amounts of mode conversion and also affected the 
stability of the tube. The latter problem was due to the intimate coupling 
of the miter bend to the interaction circuit, such that changes in the load 
(reflections, etc.) affected the cavity resonance. An additional problem 
was the presence of trapped rf in the collector caused by leakage through 
the beam hole in the first miter bend. Due to these problems, the miter 
bend tubes never reached their design value of 200 kW CW, but a 28 GHz tube 
of this type did reach 175 kw in pulse operation and 100 kW CW before this 
approach was abandoned in favor of the straight-through coupling currently 

29 used . A schematic of a miter bend is shown in Figure 19. 

The most widely used output coupling for whispering gallery gyrotrons 
in the U.S.S.R. is a quasi-optical coupler which converts the circularly-
polarized whispering gallery mode into a linearly-polarized optical mode 
with a gaussian radial profile. This type of coupler, often called a 
"Vlasov" coupler after S. N. Vlasov who first described the method , 
employs a slot in the output waveguide to extract the rf and a parabolic 
mirror to focus the rf into a beam or mode. A schematic diagram of how such 
a coupler might be employed in a tube is shown in Figure 18. The 
circularly-polarized whispering gallery mode is radiated from near the 
waveguide edge at an angle 9 which is the bounce, angle of the rf in the 
waveguide. The diverging rf wave is focussed into a parallel wave-beam as 
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FIGURE 18. SCHEMATIC DIAGRAMS OF THE VLASOV COUPLER FOR WHIS-
PERING GALLERY MODES 



shown in the top view in Figure 18. This is accomplished by placing the 
edge of the radiating waveguide along the focal line of the parabolic 
mirror. The radial distribution of the mode is that of a gaussian as 
depicted by the back view of the parabolic mirror shown in Figure 18. If 
the whispering gallery mode has two radial maxima, then the radial profile 
has two lumps rather than just the simple gaussian profile. The angle a, is 
the angle subtended by the parabolic mirror. This angle must be large 
enough to intercept the diffracting rf wave from the waveguide, and is 
generally larger for higher values of the radial mode index, n. 

Diffraction calculations indicate that this type of converter has an 
efficiency of about 80% in converting whispering gallery modes to linearly 
polarized optical-type beams . One of the major efforts of a development 
program which would employ a whispering gallery mode would be to try and 
reduce the diffraction losses of this type of coupler, thereby increasing 
the conversion efficiency of the coupler. Since perfect conversion is not 
possible, the rf not converted by the Vlasov coupler must be absorbed by 
loads in the coupler region and at the end of the tube. 

A similar type of coupler has also been proposed by Vlasov for use with 
circular electric modes and the TE. . modes of the two-mirror, quasi-

22 
elliptic cavities discussed in Section II . The coupler is similar to the 
one used for whispering gallery modes except the waveguide radiates from the 
central region of the guide rather than the edge. A schematic of the Vlasov 
coupler for circular electric and T E

1 n 1 modes is shown in Figure 19. This 
type of coupler has had fewer experimental tests than the whispering gallery 
type, but appears to be a viable alternative to the miter bend and 
straight-through concepts. 

Finally, we mention the possibility of coupling directly to the cavity 
walls. This type of technique would be ideally suited for whispering 
gallery modes because of their high fields near the walls. In this type of 
coupling, either a large coaxial waveguide structure or individual 
waveguides would conduct the rf power away from the cavity. In this type of 
circuit, the loaded Q of the cavity would be determined essentially by the 
size of the coupling apertures. A schematic of this approach is shown in 
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Figure 20. The major problem of this type of approach is the recombination 
(or conversion, in the case of a large coaxial structure) of the rf into a 
low-loss waveguide mode which is suitable for transmission to the ultimate 
load. 

( ' t 

F. DESIGN SCALABILITY 

When considering the frequency and power scalability of a given 
gyrotron approach, there are two regimes of interest. First, we consider 
the "micro" scalability of a given design. This encompasses a frequency 

5/2 
change of + 10* or a corresponding change in power (the f law is a good 
first approximation in comparing a change in power to an equivalent change 
in frequency). The present 60 GHz gyrotron has been scaled to 53. 56 and 
70 GHz, showing the versatility of the gyrotron to small changes oi"> 
frequency. It is anticipated that the 100 GHz, 1 MW design chosen for 
development would also have these capabilities. 

The important aspects in scaling the frequency or power by small 
amounts include cavity wall losses and' the„performance of the chosen gun 
de-sign at the operating parameters of tKe alternate frequency or power 
level. For optimum operation at a slightly different frequency it is 
sometimes necessary to change the magnetic profile in the gun or collector 
regions by adding additional coils or altering the existing coils. These 
adjustments are needed to make up for the effects of the modified field in 
the interaction region, required for a frequency change. In any case, the 
design of a 100 GHz, 1 MW CW gyrotron using the T E „ . . example would : 

include the safety margins necessary for + 10JS scalability of the design. 

The second form of scalability will be defined as "macro" scalability. 
This level of scaling includes frequency changes of greater than +"\0% or 
corresponding changes in the output power. We presented most of the 
important scaling arguments for this range of scalability in our discussion 
in Section III. As has been evident throughout our analysis thus far, and o 
specifically in Section III, scalability of a design to lower power levels 
or frequencies is possible for most circumstances. 

V' 
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FIGURE 20. EXAMPLE OF CAVITY WALL COUPLING. THIS TYPE OF COUPLING 
IS BEST SUITED FOR USE WITH WHISPERING GALLERY MODES. 
THE COUPLING MIGHT ALSO BE TO A LARGE COAXIAL STRUCTURE 
RATHER THAN INDIVIDUAL WAVEGUIDES 



On the other hand, scalability to higher frequencies or power levels is 
somewhat different since one encounters the barriers presented by the 
various technology limits. In analyzing our present example of the TE.,,. .. . 13» '» 1 

mode for use at say, 150 GHz, 1 MW CW, one must simply decide if the design 
margins are great enough to succeed at the higher frequency. The T E ^ ^ ̂  

2 
approach cannot be scaled to 150 GHz and still stay within our 2 kW/cm wall 
loading limits for achievable values of loaded Q. Mode competition will be 
somewhat greater for this approach as the beam becomes relatively thicker 
and beam optics become more difficult. Since potential depression is 
independent of frequency for a given mode, voltage, velocity ratio, and beam 
position, no change in voltage is required from this standpoint. The design 
of the gun for the TE cavity will encounter additional space-charge 
problems because of its low voltage, high current operation. 

In general, we may conclude that the T̂ -ĵ  1 1 concept requires changes 
in the present technology limits on cavity wall loading and achievable 
cathode current densities to be appropriate for 150 GHz. The other 
alternative would be to select a higher order version for 150 GHz operation, 
but here we run into mode competition problems since the whispering gallery 
modes become closely spaced at higher orders (see Table 2, Page 36). 

G. TECHNOLOGY ISSUES 

In this section we will summarize aspects of gyrotron design which are 
not directly related to the study of interaction circuit approaches, on 
which we have concentrated thus far. These topics include the output 
window, the collector, calorimetric loads, and cooling system requirements. 
It is obvious that each of these items is critical to the successful 
operation of a high power, high frequency gyrotron. In essence, the first . 
three of these components suffer from many of the same technology limits 
encountered in the interaction circuit at high frequencies and high average 
power levels, while the subject of cooling system requirements is a 
technology concern which affects the capabilities of many of the constituent 
parts of a high power tube. 
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Output Window 

The output window is probably the most critical tube component 
discussed here since it has been one of the major concerns in the 
development of gyrotrons at 28 GHz and 60 GHz. The difficulty in designing 
windows for high power applications stems from the fact that the window must 
maintain the vacuum integrity <~of the tube while at the same time appear 
transparent to the output microwaves. The requirements become even more 
stringent at high frequencies where most,materials exhibit higher losses 
while at the same ..time the deposited power densities increase for a given > r-' 

window thickness. Thus far, BeO and Al-995 ceramics have been the most 
successfully used window materials. These ceramics have been used as flat, 
circular plates in both single- and double-disc configurations. The a 
single-disc design employs edge cooling with a liquid coolant (water) while 
the double-disc concept uses face-cooling by a low loss, dielectric fluid. 
Because of the larger amount of cooled surface area and the shorter heat 
conduction path in the ceramic, the double-disc design is most appropriate 
for high average powers and is thus used on the CW versions of the present 
28 and 60 GHz, 200 kW CW gyrotrons. 

If one wishes to employ these same approaches at 100 GHz, 1 MW CW, 
there are several improvements that can be made in the present designs. 
These possible improvements include: 

- higher-strength, lower-loss materials 
high-strength brazing 

- high-velocity, water-free cooling 
- rounded edges on ceramics 
- polished surface finishes <• 
- large-diameter ceramics 

constrained window edges 

These modifications are all aimed at reducing the vulnerability of the 
window to the extreme mechanical and thermal stress environment encountered 
at the output of a high power, high frequency tube. A further improvement 
might be to change the geometry of the window itself to a geometry more 

i) 
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resistant to applied stresses. An example of such a design is the 
double-dish window shown in Figure 21.^ This type of window employs 
dome-shaped ceramics rather than flat discs. The dome shape allows 
increased static load capacity for a given ceramic thickness. This in turn 
allows use of higher pressure coolants (higher flow rates) and enables use 
of thinner ceramics. These two benefits allow improved cooling and lower 
power dissipation. One of the major drawbacks of this geometry is the 
variable electrical path length through the window (see Figure 21). 
However, at higher frequencies it may be possible to treat the window as a 
set of lenses so as to avoid the reflections and mode conversion that might 
otherwise be present. 

There are numerous other geometrical or cooling refinements that might 
lead to a reliable 100 GHz, 1 MW CW window design, but perhaps the ultimate 
solution to the problem is that of a "windowless" gyrotron. In such a 
configuration, fast-acting valves and cryogen-pumped waveguide would isolate 
the gyrotron from the fusion device. We note that such a "window" has an 
infinite bandwidth and has power capacity, limited only by the diameter of 
the waveguide transmission line. 

Collector 

As indicated previously, the major question which arises in designing a 
high average power gyrotron collector is whether or not the beam can be 
separated from the rf. If such a separation is possible by using a Vlasov 
coupler, miter bend, or some other coupling technique, the design of the 
collector becomes much easier. A collector of this type has no restrictions 
on taper angles or sharp discontinuities which would cause mode conversion 
if the collector were to serve as an output'waveguide. Because of this, the 
collector length can be much shorter and cooling requirements are less 
stringent. It is also possible to consider a depressed collector in this 
configuration. 

The collector for any 100 GHz, 1 MW CW design would be designed for a 
2 deposited power density of about 1 kW/cm . Higher power densities may be 

ii 
handled using advanced cooling techniques (which we will discuss under 
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FIGURE 21. SCHEMATIC DIAGRAM OF THE DOUBLE-DISH WINDOW AND 
THE STANDARD. FACE-COOLED DOUBLE-DISC WINDOW 
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"cooling system requirements"), but the large size of the collector makes 
such techniques quite expensive. Collectors (which do not serve as the 
output waveguide) have been built at Varian which dissipate CW beam powers 
of 2.5 MW - the desired beam power for our 1 MW CW, 100 GHz goal. A picture 
of an x-band klystron, the X-3030A, employing such a collector, is shown in 
Figure 22. The collector for this tube had an inner diameter of 13 inches 
and was cooled by a water flow rate of 440 GPM with a pressure drop of 50 
psi. The tube weighed about 700 pounds and was approximately 6 feet in 
height. 

Calorimetric Loads 

For efficient testing and characterization of a high power gyrotron, a 
compact load is desired which is able to safely dissipate the high power 
microwave radiation and give an accurate measurement of the power levels. 
Present loads employ ceramic cones, backed by high velocity water cooling. 
However, the minute skin depth of water at high frequencies and the power 
concentrations presented by single mode microwave output (TE^ mode in 
circular waveguide for 28 and 60 GHz) make it difficult to safely absorb the 
power without boiling the water at the surface'of the ceramic cone. For 
this reason, this type of load is probably not viable for use at 100 GHz, 
1 MW CW. 

Instead, it is desirable to spread out the rf before it is absorbed by 
the water. This type of approach is shown in Figure 23. A metallic cone 
serves to deflect the rf out to water-backed ceramic walls where the power 
densities are greatly reduced. The cone may be contoured so as to spread 
the power out evenly over the ceramic so as to avoid the concentrations of 
power present in the incoming mode. This type of design has been considered 
for use at 60 GHz . 

Another technique is to use lossy-walled waveguide prior to the final 
rf load. This pre-attenuation technique is most effective for waveguide 
modes with high electric fields near the walls, though even circular 
electric modes can be attenuated to some extent using this technique. For 
the case of a tube employing a Vlasov coupler where the output wave is a 
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FIGURE 22. VARIAN 1 MW CW, X-BAND KLYSTRON. THE ELECTRON BEAM 
COLLECTOR IS CAPABLE OF DISSIPATING THE FULL BEAM POWER 
OF 2.5 MW CW. 



ORNL - DWG - 83-3284 FED 

WATER 

WATER 

FIGURE 23. SCHEMATIC OF A RADIAL DIVERTOR FOR USE AS A 
CALORIMETRIC LOAD 



gaussian beam, a second Vlasov coupler may be Incorporated into the load to 
reconvert the wave into a whispering gallery wave which is then easily 
absorbed by lossy walls. A schematic of this technique is shown in 
Figure 24. In general, the problem of absorbing the output power of a 1 MW, 
100 GHz gyrotron is difficult, but should be feasible using one of the above 
techniques. 

Cooling System Requirements 

The major cooling requirement in any high power tube is the collector. 
From considerations of present 200 kW CW gyrotrons and other high power 
tubes, it is anticipated that flow rates of 300 - 500 GPM will be required 
in the presence of a pressure drop of about 150 psi, for a 100 GHz, 1 MW CW 
gyrotron. 

The other important cooling circuit is "ohe interaction cavity where we 
" '<J 2 

have calculated peak power densities as high as 4 kW/cm for some possible 
cavity approaches. There are three possible ways of dealing with these 
power densities in the cavity: 

- Advanced cooling techniques - high pressure, low flow systems 
Liquid nitrogen cooling 
Advanced materials which can handle higher power densities 

An example of the first entry involves the use of platelet technology 
employed in rocket engines by companies such as Aerojet Liquid Rocket 
Company. This technique employs specially designed cooling passages that 
are placed close to the heated surface. The designs have inlet pressures of 
400 - 600 psia and flow rates of a few gpm. An example of this type of 

op 
cooling is shown schematically in Figure 25 , for application to a gyrotron 
cavity. Though this technique is expensive for the initial tooling design, 
it is a proven technology and appears quite adaptable to use in gyrotron 
circuits. 

The use of liquid nitrogen in cooling the gyrotron cavity is probably 
quite difficult from an engineering standpoint, but the benefits in reducing 
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2 ohmic losses in the cavity walls are significant (2 kW/cra wall loading is 
2 reduced to 200 W/cm at liquid nitrogen temperatures). 

The use of stronger materials in the cavity is also a possibility, ® 
though the increased ohmic losses of many of these materials must be weighed 
against any strength advantages. 

The only other major cooling circuit which may be required by a 
\ 

100 GHz, 1 MW CW gyrotron is the output window. This requirement would 
include FC-75 cooling for conventional window designs or cryogenic cooling 
for a windowless approach requiring cryogenic pumping. 
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V. CONCLUSIONS 
i, 

During this study program we have investigated the feasibility of 
designing a 100 GHz, 1 MW CW gyrotron suitable for use in the electron 
cyclotron resonance heating system of a fusion reactor. We began by 
discussing the various approaches which might be taken in designing a high 
frequency, high average power gyrotron. Next we narrowed our choice to two 
interaction circuit categories: circular electric and whispering gallery 
modes. For these modes we performed a series of scaling calculations which 
enabled us to choose specific cavity modes and basic electron beam 
parameters which appeared to be viable for use in a 100 GHz, 1 MW CW 
gyrotron. We chose the T E ^ ^ ^ mode to serve as an example in a more 
detailed design analysis. This design analysis included actual cavity 
designs and optimum beam parameters. In addition, the various technological 
limits encountered in employing such a design were discussed. Finally, we 
discussed the scalability of a design to different frequencies or power 
levels and summarized the general technology issues concerning aspects of 
the gyrotron which are not directly related to the interaction circuit, but 
which are critical to the success and reliability of a 100 GHz, 1 MW CW 
gyrotron. 

From the results of this study, we believe that a 100 GHz 1 MW CW 
gyrotron is feasible using a circuit approach similar to the TE1C. 1 1 

example discussed here. The major concern of this type of approach is the 
coupling of the microwave power to the transmission system. The Vlasov 
coupler has an efficiency of about 80% but it is hoped that conversion 
efficiencies of 90 - 95% could be attained. The high cavity dissipation 
density and output window represent major technology concerns for any 
circuit design and will play an important role in the ultimate achievement 
of 100 GHz, 1 MW CW. 
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