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I. INTRODUCTION

The scope of the work covered by this contract involved
studies of cavity designs for a high-power gyrotron. One method
of increasing the output power of a gyrotron is to simultaneously
increase the diameters of the gun/;athode and the cavity resonator.
As this transverse dimension increases, however, the natural
frequency spectrum becomes compressed. Hence, in order to have
the device operate only in a single frequency mode, it becomes
necesgssary to use more accurate methods to select the specific '
modes. )
Certain modes, called whispering-galley modes (WGM), are
very useful since the fields of the WGM are localized near the
resonator outer wall. Thus, they have the smallest volume relative
to other modes for that resonator and have little competition with
these modes. However, with increasing radius of the resonator,
the WGM are even more compressed, thus have an increased danger
of competition among themselves.
Experiments in the Soviet Union1 have shown, however, that
mode selection among the WGM is possible by inserting a metal .

rod in the center of the resonator; i.e., making it a coaxial

waveguide structure. They did this by choosing the radii of the
inside and outside conducting walls so that the difference between
two natural WGM frequencies (the TEg’IJand TES.Z’lmodes in this
case) exceeded the negative resorption bandwidth for cyclotron

radiation. This permitted the separate excitation of these

modes, thereby excluding the possibility of more competition
between then.

Because of the above, a specific task for the present study
was to evaluate the coaxial waveguide structure and other alter-
native structures and techniques for improved efficiency and

output power of present CW gyrotrons for radar and fusion heating.

A related task for improved output and efficiency was to study
various beam collector and output window designs at high powers
(~1 MW).
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During the course of the study it was found2 that in order
to operate with lower-order WGM in a coaxial resonator, one has
to work with very smwall annulus spacing, thus ﬁaking electron
beam alignment difficult and, more importantly, creating a large
ohmic heating on the inner wall. Because of these disadvantages,
the study concentrated mainly on other alternatives. Several
aiternative designs were numerically evaluated and are discussed
in two publications presented as Sections II and III.

The study concentrated on only alternative cavity designs
and not on the outcoupling problems involving window materials.
An extensive study on reliability of ceramics for microwave
window applications at high powers is being conducted by Oak
Ridge National Laboratory.3

The work done under this contract was performed by Dr.

K.J. Kim. Dr. Kim is currently an employee of the Naval Research
Laboratory, Washington, D.C. 20375. The publications presented
in Sections II and 111 were coauthored with the individuals as
listed.
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II. COMPARATIVE STUDIES OF CAVITIES FOR CW, MEGAWATT, 100 GHz
GYROMONOTRON#*

ABSTRACT

A preliminary report for designing Megawatt, CW gyromonotron
oscillator at 100 GHz is presented. The ohmic heating, mode competition,

space charge limit, and electron beam and rf seperation are discussed.

*Kim, Kyung J., Read, Michael E.
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1. INTRODUCTION

High power and high efficiency submillimeter wave sources
are desired for many practical applications, such as for the
electron cyclotron heating in Tokamaks. The Soviets have
reported the generation of 1 Megawatt, 110 GHz short pulse
signal from a gyrotron(l). There are many obstacles to raising
the power level, stretching the pulse width, and increasing
the frequency. In this letter we report preliminary work in
which these difficulties and possible designs are considered.
All the discussions are for the optimum efficiency case with
cavity length L=5) (no magnetic tapering) and electron energy

of 70 keV.

II. DISCUSSION
For a low Q cavity, the axial dependence of a field is

(e-sz) and a standing wave (sin kz).

between a traveling wave
The former dependence is used throughout, and by this choice
(the diffraction limited case), the power calculated will be
somewhat higher than in the actual case. The fields for the

TE modes in a cylindrical wave guide are:

mnl

N (—1%32—) Jm (kr) sin me e Jue e-sz
k'r

N (-1%1—) J; (kr) cos md e jwue -18z

jwt -jBz
Eo J; (kr) cos mo6 e e




H = N (_1%E—) In (kr) sin mo e Jwt e "JBZ
k r

H = N (.;%E_) Jé (kr) cos mo e jwt , -iBz J

? H =N J_ (kr) cos mé e Jwt o -J8z :
z m :
i
3
where (%)% = k% + g? J;
c 1
For the present study, N is chosen for optimum efficiency(z).

x 0.582 (Volt/meter)

where re is the electron beam radius(z). This value.,is known

For example, E J' (kr ) = 2 x 107 i
o m e :

only for the TEon mode, but can be extended to the TEmn mode.

The corresponding coaxial waveguide fields are found by replacing
J_ with Z2_ (kr).

m m

For Example:
Eo = N (—133—) Z; (kr) cos mb e -i8z

where Zm (kr) = Jm (kr) Y; (ka)-Ym (kx) Jé (ka), where a=the
outer radius and b=the inner radius of the cavity.
The power transmitted through a hollow waveguide of

radius a and length L is

2

2
P=D—1EE (avE- - (ka))? (1-(—E))

where D = 1 1f m ¢ 0
D=2 if m # 0
and € is the permittivity.

-7~




The ohmic heating per unit area is,

wo= DR n% g ? ka) + 8% (B 5 2 (xka))
L A R m 2 m

s K" a

wu
Where Rs = 25 g is the conductivity.

The first term is due to the transverse current and the second
term is from the axial current. For m - 20, the axial current
contribution of the ohmic heating is less than 9 percent of the
transverse current heating.

In a given output coupling scheme,
( a-EoeJm (ka))Z

f-L

Power «

E
and the ohmic heating per unit area « (5)5 ((?%;) Jm (ka))2

To maintain constant (optimum) efficiency,

Eo f, L f.,,amd a £, (Eo T ) s

Then the ohmic heating per unit area is found to be proportional
to f5/2’ which can be a major obstacle for high frequency, high
power CW devices. 1In order to maintain reasonable values for
the ohmic heating per unit area, while keeping the output power
at the required level, large radius (low Eo) cavities are necessary.
Because of the large Eo required for efficient operation using
the second cyclotron harmonic or with whispering gallery modes
large ohmic heating will result, and their use for CW devices may
not be desirable.

As shown below, the electron beam radius has to be large
in order to avoid space charge effects. This and the above
requirements will bring about the necessity for use of cavities
where there is expected to be competition between modes. One
measure of the mode competition problem is the relative values
of starting currents. The starting current of a given mode:(1’3)

. ) F{(w=~Q.) /k,-v )}

st Jm re (kre)

-8-




Where s is the harmonic number, the magnetic field is
along the z direction. So, one can vary the starting current
either by varying the electron radius or magnetic field. It
may be possible to suppress competing modes by selectively
attenuating both the conduction current and the displacement
current on the wall with dielectric filters. Prebunching of
the electrons is also under consideration (4)(5).

Space charge effects due to the electron self potential
relative to the waveguide as well as mutual repulsion is another
factor which must be considered. The limiting current for an
annular beam due to the first effect, with the approximation that
the beam is infinitely thin, is,

3

1 - 8.5 x 10 (y

nax ln (rw/rb)

2/3 3/2

-1) (6)

where T, is the waveguide radius and Ty is the electron radius,
with a finite beam thickness Imax can be lower by as much as
factor of 2.

As a typical example, with the electron beam with an

energy of 70 keV located at the third peak of the TE mode,

06

Imax = 270 Amperes. The perveance of the beam at 30 Amperes

and 70 keV is 1.6 u pervs. The critical current where the
(7)

beam becomes unstable is about five times smaller than Imax .

Operating at a higher voltage lowers the perveance and raises

the critical current, but shortens the optimum cavity length

(8)

due to faster phase trapping s thereby increasing ohmic
heating per unit area.

As suggested by the Soviets (9), the RF field structure
can be optimized for the efficlency enhancement. Cavity

profiling can serve this purpose as well as lowering the diffraction

Q(IO).

‘m‘ e




LII. CALCULATIONS FOR VARIOUS SCHEMES

A. Coaxial Cavity

For A = % > 0.7 a power of one megawatt can be produced
using TEOZ or TEOl' but for A < 0.7 the cross section becomes
too small and a higher order mode should be used. For A < 0.8
the Bessel function root X' (TEon) = X' (TEmn+1)’ indicates
the potential for serious competition between the modes.

Typical output powers and ohmic heating for low order
modes are shown in Table 1. 1In order to operate with a low
order mode, one has to work with a small annulus spacing
(making beam alignment critical) and with large ohmic heating

on the inner wall. These are perceived as major disadvantages.

B. Whispering Gallery Modes

TEmn waves with m>>1 and m>>n are called whispering gallery
modes. As shown in Figure 1, where Ee is normalized as before,
the large wall heating and radial E-field encountered with
these modes are undesirable.

The TEml
petition. This has been checked up to m = 18 by the linear

theory of K. Kreisher and R. Temkin(s). Typical starting currents

type modes appear to be free from mode com-~-

versus the magnetic field for the electron located at the peak
of J! are shown in Figure 2.
18,1
c. TE Modes
on

As shown in Figure 1, TEon modes have the smallest ohmic
heating for a given power output. This is because of the
slowly decaying property of Ji compared to J; (where m>1).
Unfortunately, operating with a high order mode and locating
the electron beam away from the first peak of the Bessel function
will bring about several compéting modes. Typical examples are
shown in Figure 3 and 4. In general, it can be shown that
serious mode competitions come only from the mode whose X;n is

(] - ' '

close to that og the operating mode (lxmn Xm,n,|<1). xon is
very close to Xén for n>3. This competition cannot be avoided by
just varying the electron radius because of the similar behavior




A Mode Radius Power Ohmic loss
’ (Cm)
01 a=0.504 600 kW
b=0.353
3
0.7
02 a=1.005 2.2 MW
(e at 1lst peak of Jl)
b=0.703 2.6 MW
H (e at 2nd peak of Jl)
01 a=0.754 960 kW
; b=0.603
0.8
a=1.507 3.6 MW WLIN-2.7kW/cm2
02 } wy e
b=1.205 ( "1st™) WLOUT-1.7kW/cm2
4 MW ! )
("2nd ™) (x5-(=0.75,06 KW/cm®)
l 01 a=1.506 2 MW w24 kw/en? E
b=1.355 wL°“T~1.7kW/cm2 f
0'9
‘ 02 a=3.011 8 MW wLI“-a.s KW/cm?
( "1st" ) ouT, 2
b=2.71 8.4 MW w 3.4 kW/cm 1
11} 11} J
( "2nd™ ) (x%-0.48,0.43 kW/cm?) *
TABLE 1

Qutput power and ohmic heating for various coaxial cavities. The
output power 1is calculated for an RF(E) field which yields the
optimum efficiency for a cavity with a iength of 1.5 cm operating
at a frequency of 100 GHz.
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Figure 2:

Starting currents of whispering gallery mode
and various possible competing modes. (The
arrow indicates operating region for optimum
efficiency).

-13=-




e e Kot 2 A gy | g <

S0
TEo,u,l CaviTy
BEAM ON 1sT PEAK
25 -
h‘ T8),4,1
\ (BACKWARD WAVE)
\
\
\
\
\
\\
\
TE2,4,1
(FORWARD WAVE)
} ] 1 1 ] | 1 { 1 | {

1,03 1.046 1.05 1.06 1.07 1.08 1.0 1.10 1.11 1,12 1,13 1l.l4 1.15

Figure 3: The similar behavior of 1'E0 N mode with TE2 s 1mode.
(The arrow indicates the operating region). '
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1

of the respective Bessel functions (cf. Ist a |J (er )‘2).

mtl e
However, selective attenuation of the axial current, thereby
attenuating the TEmn mode with m % 0 could be feasible either
by using dielectric rings at both ends of the cavity or by
using a helix wound cavity.

TEon modes show the possibility of separating electrons
from the rf beam by breaking the waveguide without significantly
disturbing the main mode, because it has no axial current (11).
However, forcing the electrons to pass through the small gap
between waveguides (less than a wavelength) could be a difficult

task.

-16-
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Iv. CONCLUSION

Ohmic heating appears to be a major limitation for high power CW
gyrotrons. TEon modes show the least ohmic heating for a given output
power. However, the mode competition possibility which looks to be asso-
ciated with these modes, must be resolved before they can be seriously
considered for use.
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III. DESIGN CONSIDERATIONS FOR A MEGAWATT CW GYROTRON*

ABSTRACT

Several designs for a 1 MW, 100 GHz gyrotron are presented.
Each design is evaluated and shown to be potentially feasible. The
problem areas in each design are identified and discussed. There is
still considerable research that must be done to determine the opti-~

mum design.

*Kim, K. J., Read, M. E.
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I. INTRODUCTION

Considerable progress has been made in the last decade in
research on and development of gyrotron oscillators. These
sources have been shown to be capable of producing high power
millimeter wave radiation with high efficiency. The highest CW
power obtained is 212 KW at 28 GHz (1) and the highest pulsed
power reported is 1.25 MW at 85 GHz.(z) While these achievements
are impressive, and represent an improvement in output power of
several orders of magnitude over previously existing sources at
equivalent frequencies, there is an increasing demand for devices
with higher powers and frequencies for both military and fusion
related systems. Specifically, some fusion reactor designs call
for 50 MW CW at up to 150 GHz for electron cyclotron heating.

For reasons of cost and system complexity it is desirable to
reduce to a reasonable minimum the number of individual devices
used in a heating system. Therefore, a study has been performed
to determine the upper limit on the power of these sources. For
simplicity, we focus in this paper on a CW gyrotroa oscillator
with a frequency of 100 GHz and an output power of 1 MW. Both
the conventional (microwave closed cavity) and quasi-optical

(Fabry Perot Cavity) types of gyrotrons are considered.

This paper is a summary of the results of several separate
studies. Therefore, in many areas, the detailed calculatioans
have been omitted and the discussions are included by reference
only. .

The paper is divided into four sections, the first of which
is the introduction. The second delineates the critical elements
of the gyrotron oscillator and includes a brief discussion of the
limiting factors on the output power. The third consists of
specific designs. The final section is a discussion and

conclusion.

21~




1I. DESIGN CONSIDERATIONS

The gyrotron is a class of device in which the pbwer is
extracted from the perpendicular motion of electrons in a
magnetic field via relativistic instability. The frequency of a
gyrotron oscillator is determined jointly by a cavity and
magnetic resonance. This feature allows the use of a cavity with
a much higher mode density than would be possible with only a
cavity resonance condition, thereby permitting the cavity
dimensions to be large compared to the radiation wavelength.

Thus the ohmic dissipation will be much smaller than in most
other mircowave devices, and much higher output powers are
possible for a given frequency._

There are two configurations currently envisioned for
gyrotron oscillators. The first, shown in Figure 1, uses a
closed cavity which is operated near cutoff, and the electron
beam drifts parallel to the direction of propagation of the
radiation. - All gyrotrons reported operating to date have been of
this type. The second, a quasi-optical gyrotrom, uses an optical
resonator (i.e., made of two reflecting mirrors). This type of
gyrotron has never been reported to be realized but has several
potential advantages, as are discussed below.(3)

The elements which may limit the output power and which will
be discussed here are the ohmic losses, mode competition in the
cavity and the electron beam generation and propagation. The
design of the collector and output window are also expected éo be

critical; but are beyond the scope of chis'paber.

CAVITY CONSIDERATIONS(Q)

Closed Microwave Cavity
Most high power gyrotron oscillators reported to date use a
single cavity which supports a TEmn1 mode near cutoff. For high
power devices this will undoubtedly be a high order mode. Three
types of modes have been considered for a circular cavity. 1In an

open cavity, calculations have been made for Taoul modes and

~22-
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cavity, TEonl modes are considered.

Ohmic losses and mode competition are the two principal
cavity related parameters which will limit the output power.
These are discussed in this section.

The output power achievable with good efficiency depends on
several parameters, such £s the cavity mode, cavity length, the
output Q, the beam voltage, the beam transverse to ;xial velocity
ratio, and the beam temperature. All these parameters have to be

optimized simultaneously to find the best design parameters.

The output power of a gyrotron is determined by the mode,
the magnitude of the rf fields in the cavity and the Q of the
cavity. For high power devices it is generally desirable to use
as low an output Q as possible to reduce ohmic heating. An
approximation of the lower limit to the output Q of a cavity with
length L is the diffraction limit Q, given by QD = 4% (L/A)2
{ A is the free space wavelength). With this assumption the
output power is given by

e, 7 c’a’ 2 m_ 12
P (Bdy k) 7 (1 -(wg )7 )

where £, is the permittivity of free space, ¢ is the speed of
light, f the frequency, a the cavity radius, and k the

perpendicular wave number. E the peak electric field

o’
amplitude, is given by the expression

E, = Eg [J_ (kr) cos (m-2nft)h(8z)] " (2)

2 2
where £° = ———-(k + B ), and h(Bz) is the axial rf electric
field profiie, which is approximated here by sin Bz. The value

for E, which yields the optimum efficiency has been calculated by

several authors and has been found to be independent of the

(5,6,7)

operating mode. The cavity length must be optimized for

-24~
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high efficiency and for low output Q.
The average ohmic dissipatiom per unit area in the cavity

wall is given by

~2 .0 2 (ka) + (-22)2 42 (ka)) (3)
16x"f k”a

)|
where the surface resistivity Rs- (nfu/o) /2 and u is the
permeability. The first and second terms in the bracket are from

the transverse and axial wall currents respectively.

From equations (1) and (3) for a given mode, the output
power is seen to be proportional to (a E, Jn (ka))2 [/ (£ L) and
the ohmic loss per unit area proportional to (f/o)/Z(E J (ka))2
/ (f 8)2. From dimensional scaling analysis one can show, for
optimum efficiency, E a £, L a 1/f, a a 1/f and (E; a 1/L). The
ohmic loss per unit area is thus found to be proportional to
f5/2, which is a principal obstacle in the realization of high
frequency, high power CW devices. In order to maintain generally
accepted values for the ohmic loss (< 1 kW/cmz), while keeping
the output power at the required level, large radius cavities are
_found to be necessary.

The problem of mode competition is a complex issue. To
determine the possibility of competition from unwanted modes we
compute starting currents from the linear theory. If there is no

other mode with lower starting current than that of the desired

mode in the operating region, one can be reasonably assured of no
mode competition. However, if for the conditions for which
optimum efficiency in the desired mode is achieved the starting

current of an other than desired mode is lowest, but for other

conditions the starting current of the desired mode is lowest,
the situation is less clean, and must be further examined by non-
linear theory or experiment. 1In some cases it may be possible to
start the desired mode where its starting current is lowest, then
adjust parameters for optimum efficiency, retaining oscillation
in the same mode. Such an adjustment would be in the relative
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phase of the beam and cavity modes, given by

L )
Ad = —V.,. (Zuf‘ By, a./y) (4)
where ﬂc is the cyclotron frequency (in radians per second),v"
the parallel electron velocity, and y the relativisitic mass

factor. Variations in the phase can thus be made by adjusting

either the beam parameters, v and y, or the magnetic field.

"
There are some indications that once am oscillation is

e

started in a given mode, that mode will keep oscillating as the
magnetic field is varied for the higher efficiency
operation.(l) But this phenomena needs to be examined more

carefully.

The linear theory used here has been derived by
K. Kreisher and R. Temkin in the weakly relativistic limit.(s)

The starting currents computed are in agreement to within 52 at

70 kV the results of K. Chu, which are fully relativisitic.(g)

Coaxial Cavity

The concept of a coaxial cavity is attractive, because the

inherently large beam-radius .required- implies a relatively
straightforward gun design. However, from the standpoint of the
cavity design alone, there is no clear advantage over other

schemes for the following reasons. With A defined as the inner

radius over the outer radius, for AD>0.7 a power of one megawatt
can be produced using either the TEOf or TEOZ mode. But the
Bessel function root X , = X an+1 (Jm (x mn) = 0 for TEmn

modes), indicating the possibility of competition between these

oo

modes. For A$0.7 the cavity cross sectional area is too small to
generate a megawatt output with an optimum value for Eo using |
either of these modes. Thus, a higher order wode must be used,
which again means possible mode competition from analogy with the
hollow cavity,(see TE__ Modes ). The coaxial cavity has the
additional disadvantage that cooling of the ianner wall appears
difficult. For these reasons, the coaxial cavity appears less
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desirable than the hollow cavity for a CW device.

Whispering Gallery Modes

A plot of P and WL for the whispering gallery modes (from
the equations (1) and (3) above) for a beam of 70 KeV and a
frequency of 100 GHz is given in Figure 2.(10) Extrapolation to
other voltages can be made by use of Figure 3. The curves can be
used for TEmn modes by substitution of EoJl’ peak for EoJm-l
(kfpeap) -

It is clear from Figure 2 that megawatt level powers can be
produced with the whispering gallery modes, but with relatively
high ohmic heating levels.

To examine the possibility of mode competition the starting
current versus magnetic field in the cavity for a TEIS,I,I mode
is shown in Figure 4. The whispering gallery is seen to be free
from mode competition. This has been checked for all modes with

m up to 18.

TE,, Modes

The output power and ohmic heating for the TE L modes are
shown in Figure 5. TE,, modes generate the smallest ohmic
heating among TEnn modes for a given output power. The ohmic
heating for 1 MW output is typically within generally acceptable
levels (less than 1 KW/cmz). However, one cannot avoid mode
competition with modes with large values of n, especially when
the electron beam is located away from the first peak of the
Bessel function Jl. A typical example of such a case, a TEOS
mode with the beam at the fourth peak, is shown in Figure 6. It
can be seen that there is no way to access the desired mode. 1In
general, it can be shown that serious mode competition arises

only from the mode whose Bessel function root X’ is close to

m‘n’
that of the operating mode (i.e., x'mn - x'm.n.l < 0.2). X'Zn
is very close to x'on for n > 5. The competition between these
modes cannot be avoided by varying the beam position because the

dependence of starting current on beam position is identified as

-27-
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shown by the relation

1, ald y | =2, (®)

st mtl (k

(5)

r
beam

A more modest example appears in Figure 7. The '1:152041 mode
with beam at the first peak is shown to start oscillation at high
magnetic field. Experiments have indicated that oscillationm in
TE°41 mode can still be retained, once started, as”the relative
phase between the cavity and beam modes is increased to a point
where good efficiency is obtained.(ll’lz) In these experiments
the phase shift was caused by changes in v and y. It is expected
that reducing the magnetic field will prodace equivalent
results. Using this assumption, and the above results, it
appears that operatiom in the TEpsy mede, with the beam at the
second peak of the Bessel fu?ct;on Jo R ghould b? po;sible, as
shown in Figure 8. However, for the same mode with the beam on
the third peak, Figure 9 shows that there is no field for which
the starting current for the TEy;g, mode is lowest. Operation in
the TEO51 mode for these conditions is then judged to be
unlikely. The desirability of operating with as large as

possible beam radius is discussed in "Electron Beam".

Suppression of the non TE,, modes by attenuating the axial
current (inhereant in all but TEon modes) with dielectric rings
has been tried. The results were found to be ineffective due to
the relatively weak axial current and the weak coupling between
the rf fields and wall currents inherent in overmoded cavities.
(For modes with m < 20, the axial current contribution to the

ohmic heating is less then 9% of that of the transverse current).

Open Resonator
The theory for the quasi-optical gyrotron has been developed
by several gtoups.(3)'(l3)'(16) The cavity geometry for this
case is that of an optical resonator (see Figure 10). The

electron beam can propagate either parallel or perpendicular to

-33-




“*cw«wuu 8uyjeaado ayy sajeodypur

moxie ayl) awvoa.~.whmma yitm apou 41 3O 10f7ABYDq 1BTIWIS AY] . @2andyy
) -
0O e
o -
i
N2> 42
o5s .
<= %
23] -
L - z
g o
b4 wm v
i =
~ 0. 1%
P -
g on o
O o
N  2d
- )
mm 48, =
<3 4h '
E A /._v
o Jdza
(3] - :
[
<
1
©
=
1
Q
1Rm._: .l%.
4.AW~V -
7’ .
g z.u..AWH -3
- EO -
g . . o
g -
JUVIS I

L o e b O T T A O L YN T R A Y SO PN e v o £k A+ A T PR = 4 £ S T S g TR e



\ :STARTING CURRENT
| VS
| MAGNETIC FIELD

beam at 2Nd peak of Jo'
80 kv, L/A=5

)

tB()" | ‘ . . -
- 60
Q.
£
S
S 40
‘ —
[ 8
20
¢ operating
- region
O ] | 1
< 37.6 38.7 399 41.0
| B (kGauss)
«35-

mode and various possible competing modes.

ute of TEO,S,I,

ng curre

Starti

Figure 8.




STARTING CURRENT
Vs

MAGNETIC FIELD

¢ . beam at 374 peak of Jo
80 kv, L/A=5 -

B (kGauss)

~36-

80~
TE|02

__eo| TEesl ,
wn
e - ATEgs)
S
5 40r

(/7]
-

| 20 -:rE44l . TE73

operating
region
] 1 }
%U76 387 39.9 41.0

Starting currents of,TE0 5 1 mode and various poésible competing modes.

Figure 9.




*103%933p ([) “a9sirswaaem (1)
f1o3jenuajje a[qetriea (Y) *a1a1dnod jeuorlIVaarp (8) ‘iajswraoyred (3)
€103122[]02 (@) *A37Aed uofldeaajur (p) “8ura syay (d) ‘1011w

patdnooatoy (q) ‘un8 uox3ldayd 9IW (®) Inoke] Juawyiadxa fedsfido-fsend °Qf 2andryg

ﬂl




SUPURVESN

A - e e vt e vnts 7 e T e -

T o *'m

the resonator axis. In order to obtain reasonable efficiency
with the first case the beam velocity spread must be much smaller
than what is available from present guns., The second case, which
can tolerate beam velocity spreads over 102, has several distinct
advantages over the closed cavity type gyrotrons, specifically:
(i) the separation of rf field from electron beam, (1i) high power
and high frequency operation due to the large resonator size,
(1i1) simplicity of the transverse mode control and (iv) natural
separation between the cavity and the rf output section.
However, the overall geometrically averaged (diffefent beams see
different fields) interaction efficiency is somewhat lower than
that of closed cavity type gyrotron. Mode competition from
different longitudinal modes may be a difficulty due to the
relatively long length of the cavity. Interferomet¥ic
diffractive techniques may be used to suppress these unwanted
modes.<15)

The electric field for optimum efficiency can be found from
the following empirical relation for « = 1.5 beam within a
limited range:

Zwywof E
(y-1) ¢ 3

o

=1 (6)

w, is half the distance along the beam in which the interaction

between beam and radiation takes place, E, is the peak electric

field, v = 1/ V1 - (v/c)2 and B is the external magnetic
field. Typically W, is the minimum radius of radiatiom profile

in a symmetric resonator. One can vary w either by adjusting
the cavity length or mirror curvature, thereby optimizing E, and
limiting diffraction losses and ohmic heating.

ELECTRON BEAM
Gun Design
First order gun design trade-offs have been carried out for
temperature limited magnetron injection guns (MIGs) for a
megawatt CW gyrotron. MIG-type guns have been widely used in
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high power gyrotrons in both the U.S. and the Soviet
(1),(16)

i A first order design theory based on adiabatic beam flow was

Union.

utilized. The theory is valid for beam current I, up to about
20X of the space-charge limited Langmuir current I;. Above this
level, the theory progressively becomes less valid and a much
t more complicated approach using computer-aided synihesis as
described by Manuilov and Tsimring(l7) is required for accurate
design results. These authors describe experimental high power
gyrotron MIGs operating up to I, = 0.5 IL. Althoﬁkﬁ in principle
t it appears that the space-charge limit I° = IL can be reached
while still maintaining uniformly oscillating beams, no known
work has been done in this current regime for gyrotron
applications.

Using the first order design trade-off theory (with I,
slightly exceeding 20X of I; in some cases), we have found
several alternative gun designs which provide suitable beanm
geometries and a minimum of 3 MW beam powét (appfoxiﬁately isz
electronic efficiency is assumed). The design parameters for
three selected MIGs are listed in Table 1 and the design geometry
is shown in Figure ll. The first two designs are sized to
operate at }he second radial peak of the rf field in the TEOS
cavity and the third design to operate at the fifth peak next to i
the outside wall of the cavity. 1In all three designs, the final
beams have an annular thickness which keeps the beam within ]10Z
of the peak rf field and the final velocity ratio vd_/vz is 1.5 in

a magnetic field of 3.98 T. In the beam formation regiom, the
2

cathode current density is limited to 10A/cm“ and the peak
cathode field to 80 kV/cm. In all cases, the cathode cone angle

‘ is 30° which will produce a laminar flow beam.

The difference between the first and the secound designs
shown in Table 1 is primarily operating voltage. At 80 kV, the
beam current is 30 of the Langmuir limit while at 100 kV, this i

q is reduced to 20%Z. Velocity spread due to space-~charge effects
in the beam will be easier to control in the higher voltage

gun, Detailed computer simulations of these guns and beanm
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L ¥ TABLE 1

{ Preliminary Parameters for the Three Alternative Guns for the
One Megawatt, TEps Mode Gyrotron

Radial RF peak no. 2 2 5

[beam position in cavity]

Average beam radius, bg(mm) 2.57 2.57 7.15

[hollow beam]

Cathode voltage, V. (kV) -80 -100 -80

[beam voltage] .

First anode voltage, V5 (kV) -44.5 -50.6 -31.8

Percent of current limit, Io/I (%) 30 20 20

Cathode radius, rc (mm) 12.7 12.0 32.7 |
o

Cathode slant length, £¢ (mm) 4.6 4.0 1.83 f

Cathode/ancde spacing, d (mm) 8.2 8.8 1.56 7;

Cathode magnetic field, B, (Gauss) 1614 1867 1908 !

Magnetic fieid compression ratio, . ﬂ

Bo/Bc 24.7 21.3 20.9 3
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optimization studies are required to determine if the higher
voltage design 1is required to keep longitudinal velocity spread
below the 15-20X limit required for high rf efficiency.

The third gun design shown in Table 1 provides a beam
geometry which coincides with the fifth radial field peak of the
TBOS cavity mode. This beam geometry permits a larger cathode
radius to be used (at the same magnetic compression ratio) and
therefore helps reduce current density and space-charge problems
in the gun. The maximum power from the gun as a function of
voltage with the listed parameters is shown in Figure 12.

At the present time, using the first order MIG design
theory, it is not possible to predict with any assurance that a 3
MW hollow beam gyrotron gun can be designed to interact with the
first radial peak of the rf cavity mode (see Figure 14). This is
the most desirable beam size because it allows the electron beam
to enter the rf cavity through a cut-off waveguide drift tube
which essentially eliminates the problems of rf power getting
back into the gun. It is believed that gun designs in which the
beam current approaches the Langmuir limit will open up the
possibility for attaining such a design because larger cathode
radii and higher magnetic compression ratios can be used.
Research and development of such designs must await the
implementation of computer-aided synthesis design tools.

Electron Beam Transport

The electron beam in the waveguide is decelerated due to the
self electric potential depression. Thus, there is a limiting
(maximum) curreant that can be transported for a given
configuration and applied voltage.(ls) If the beam current
exceeds the limiting current, part of the beam will start to
oscillate. The limiting current is given by the following
formulas for a circular cylindrical waveguide (MKS units):

2/3 _ ) }312 , o*

*
1l gpge = 1 (V700 8 (N

6

* -
where V_ ' = 1.954 x 10 |v°|+ 1
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* 60

g = — x 1.954 x 10-'6 x {g(Rb + 8/2) +

Ry

R, In (a/(R, + 8/2))}

R, + /2
S b an | B I (<R)

Rb - A/2 R I

g(R, + al2)

}

total

Y =1/ \/1 - (v_‘_/c)z, a = waveguide radius

Rb = beam mean radius, A = beam thickness,

Vo = applied voltage

From the above equations, it can be seen that the limiting
current increases with increasing beam voltage, decreasing a,

or increasing ratio of the beam to wall radii.

I1II. EXAMPLES OF DESIGN

Using the above considerations five designs have been
produced. Design parameters for a 1 MW gyrotrom which
incorporates an electron beam limiting power over 1MW/
efficiency, high efficiency (this determines E, and L/x ),

2

averaged ohmic heating less than 1 KW/cm“ and stable operation

from competing modes.

- WHISPERING GALLERY MOPES

As noted above, the whispering‘gallery modes look attractive
from the standpoint of mode competition and, since the beam
position 1is close to the cavity wall and therefore relatively
large in radius, beam generation and propagation. The ohmic
heating that is expected (3.5 lecmz) is above that desired
(IKW/cmz), a factor which considerably lessens the desirability
of the concept. However, the trade off of extensive engineering
on the cooling problem may have to be made if problems are
encountered in other schemes. Gun design parameters are similar
to the Case 3 in Table 1.
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The design parameters for a gyrotron using a whispering

gallery mode are given as Case 1 in Table 4.

TEon MODES

Tables 2 and 3 are provided to search for 1MW gyrotron
design parameters. From Tables 2 and 3 it can be seen that, in
order to achieve a value for the average ohmic heating of less
than IKW/cmz, it is necessary to use a mode with n larger than
4. Tables 2 and 3 have design parameters for the TEO4' TEO5 and
TE°6 modes for two beam voltages and two beam positions. From
Table 3, it becomes clear that for @ = 2, the ratio of the
critical (or maximum) beam power to the output power is less
than the value of l/efficiency required. The lower value of a
must then be used. With g = 1.5 (see Table 2) the TEosmode
appears acceptable form the viewpoint of critical beam power and
ohmic heating.

A graphical display of the wave power (again, for L/ A = 5)
and the maximum beam powers due to space charge limits on the
propagation and due to limitations on generation is given in
Figures 13 and 14: 1In these figures the required beam power is
assumed to be the output power/0.35, where 0.35 is a fairly
conservative value for the efficiency. 1Ignoring the beam
generation problem, it can be seen that ! MW can be achieved with
the beam on the first peak with a beam voltage of approximately
100 kV, and with the beam as the second peak at 80 kV. The
problem of beam generation with present design methods precludes
a feaslble design using the first peak. However, it is presented
here since new design methods which may drastically change gun
capabilities are being developed. Operation at the second peak
looks feasible, considering the above criteria. However, in this
case the drift section between the gun and cavity will be so
large as to propagate the TEOI mode. The natural mode conversions
into this mode will therefore be a source of power that can
propagate to the gun, which is undesirable, particularly in CW
operation. Therefore, a method of reflecting or absorbing this

radiation will be necessary.
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TABLE 4

SUMMARY OF EXAMPLES
(1MW @ 100 GHz Output)

Case 1 2 3 4%
Efficiency (%) 45 35 35 30

Mo de TEZO,I,I TEO,S,I TEO,5,1 TEMOO
Beam Voltage (KV). 70 110 80 90
Beam Current (A) 32 26 36 32
Alpha ( a) 2 1.5 1.5 1.5
Beam Position 1 1 2 -——
(peak No.)

Ohmic Heating 3.2 1.0 1.0 0.4
(KW/cm?)

*Resonator length & 58 cm, mirror diameter =~ 10 cm and mirror radius of

curvature = 60 cm, beam radius = 0.33 eam.
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With the above caveat two design cases for a 'I‘Eon cavity
are given as Cases 2 and 3 in Table 4. We note that the gun for
GCase 3 is the first design from Table 1.

MULTI-CAVITY GYROTRON

A third design, a two cavity gyrotron (see Figure 15), is
under study to overcome the above difficulties while reducing the
possibility of mode competition. In this scheme, the coaxial
TEO1 cavity pre-bunches the beam, as a result the starting
current of the TE051 mode in the second cavity is reduced
substantially and becomes lower than that of any azimuthally non-
symmetric mode. Thus the beam could be placed on the third (or
higher) radial peak of the field in the output cavity,
substantially reducing the beam propagation and generation
problems. The power density in the coaxial cavity 1is expected to
be low and no difficulty in cooling the inner wall is expected.
This scheme has the additional advantage that, with proper
prebunching, the interaction efficiency for a beam with a small
velocity spread can be echanced by more than 10%. However, in
order to insure optimum coupling and a correct phase relationship
between the two cavity modes an external coupling structure may

(19) Other embodiments of this concept are currently

be necessary.
under investigation.
Design parameters of this type of device are not well

defined, but might be expected to be similar to those of Qase 3.

QUASI-OPTICAL CAVITY

A fifth design, as shown in Figure 10, is based on the
quasi-optical resonator structure. Typically Eo for optimum
efficiency is very large, which demands a total Q of the cavity
to be large. The diffraction loss can be an important factor and
the resonator must be designed to minimize this below a tolerable
limit. The magnet must have a side access bore for the resonator
as well as a main bore for the beam to propagate.

By estimating the output power as 30X (typical efficiency)
of the power form the gun (figure 12) the output power expected

and the output coupling percentage necessary are plotted as a
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function of voltage in Pigure 16, The design parameters for oae
megawatt output are given below as Case 4 in Table 4.

It should be noted that P. Sprangle et a153) reported the
increase of the efficiency by more than 10X with linearly tapered
magnetic field.

Iv. DISCUSSION AND CONCLUSION

We have presented several designs for a 1 Megawatt, 100 GHz
oscillator. All of them are potentially feasible, but each
requires effort on at least one element in order fhat it becomes
realizable. The difficulties involved in each scheme are
sunmarized in Table 5. At this point, it is certainly risky, if
not impossible, to identify any one of those options as being the
most promising. We note that those options which have no
"severe" problems identified are the least well understood.
Improvements in gun design methods or cavity designs or the
advent of new concepts could radically change the scenario
presented in Table 4. Finally, elements of a complete device not
discussed here, such as the output waveguide, windows, and mode
transducers could substantially change the weightings given.

It is c¢lear, then, that substantial research is required
before an "optimum" design can be determined. Fortunmately,
present programs at the authors’ and other institutions are or
will be addressing many of the problems, and a good assessment of
the feasibility of a IMW, 100 GHz gyrotron should be available in

the next few years.

PN R
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TABLE 5

Degree of Difficulty and/or Uncertainty of Elements of
the Cases of Table 4

Case 1

Mode Competition Slight

Ohmic Heating Severe
(Cooling)
Beam Generation Moderate

Other Difficulties Beam close
to wall

Maoderate

Moderate

Severe

Moderate/
Difficult

Moderate

Moderate

RF leakage
to gun

Moderate

Slight

Moderate

Mechanism

not demon-
strated
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