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1. INTRODUCTION

Conventional sources of electromagnetic ra-
diation in the microwave region (klystrons, magne-
trons, traveling wave tubes, etc) become extremely
inefficient as the wavelength of radiation ap-
proaches the submillimeter range [1).* This is so
both because of fundamental frequency limitations
on these devices and also because manufacturing
tolerances become too stringent. Approaching the
near-millimeter-wave (NMMW) range from the
other end of the spectrum, the optical, presents
difficulties in that the efficiencies in these devices
(optically pumped lasers) are restricted by the
Manley-Rowe condition {2]. These restrictions
have required the development of new devices
which are intended primarily for the production of
NMMW radiation.

Much theoretical [ 3-7] and experimental work
|8-10] has been performed in attempting to pro-
duce NMMW radiation via the Cerenkov effect.
Microwave Cerenkov radiation was first detected
at a wavelength of 1.25 cm by Danos et al [8]. Re-
cently [10], 1 MW of radiation at a wavelength
A = 4 mm was produced by the passing of an
electron beam through the center of a hollow
dielectric tube. Thus, the Cerenkov effect appears
to be a reliable method of producing NMMW
radiation, although practical devices based on this
effect have yet to be developed. Other new effects
and devices which show some promise in the
NMMW area include the free electron laser [11-
14] and the upshifting | 15} of microwave radiation
by an electron beam in a medium (SESR — stimu-
lated electromagnetic shock radiation).

Of all the new effects proposed to produce
NMMW radiation, only two have been developed
into laboratory operating devices: the gyrotron
16, 17) and the orotron. The orotron is based on
the Smith-Purcell effect (18], which was first
suggested by Frank [19]. Smith-Purcell radiation
is produced when an electron beam skims the sur-
face of a metallic diffraction grating. In general,

® Becouse of the narure of 1he literature survey, the references in this report are
too extensive to be listed on each page The numbers in brackets refer, thergfore, to
the Laerature Cited, at the end of the repor

radiation produced when charged particles pass
close to, but do not touch, metallic objects is known
as diffraction radiation. We shall consider as
orotrons all devices that make use of diffraction
radiation or the Smith-Purcell effect, together with
an open resonator for feedback.

The first orotrons were developed indepen-
dently by Rusin et al in the Soviet Union [20] and
by Mizuno et al in Japan (that group called the
device the ledatron [21] ). These devices consisted
of an electron beam passing over a diffraction
grating which, together with another reflecting sur-
face, formed an open resonator (see fig. 1). The
Soviet version had a spherical smooth mirror,
whereas the Japanese had a plane smooth mirror.
The Japanese [22] discussed two distinct modes of
operation of their device, one corresponding to the
mode observed in the Soviet orotron, and the other
corresponding to the backward-wave mode ob-
served in backward-wave oscillators. The sep-
aration of mirrors was 1 to 2 mm in the Japanese
work, and 20 to 30 mm in the Soviet work. Never-
theless, the devices discussed were for all practical
purposes identical, and we shall refer to them both
as orotrons.

Some of the attractive features that emerged
from these early studies were a high degree of tuna-
bility (up to a factor of two in output frequency),
compactness, and a high stability (because of the
high-Q open resonators). However, output powers,
Pout, and efficiencies reported in these studies were
disappointingly low, and the electron beam cur-
rents, I;, necessary to obtain oscillation were
extremely high. Typical figures |22] are Py, =
300 mW, I; = 800 mA, foranoverall efficiency
of 0.0025 percent. Characteristics such as these
are what produced the original negative reactions
to the orotrons in the U.S.

Later work in the Soviet Union, summarized in
the book by Shestopalov [23]. showed that, with
improvement in resonator design, the efficiencies
of these devices could be improved by more than
three orders of magnitude. In the orotrons dis-
cussed by Shestopalov, typical output powers of
several watts could be produced with starting
currents of 25 to 50 mA, with efficiencies of 1 10 2

e g AR T RGN

T =

Wy S IR T

g o, R e B A

T S AP AW " PP IT o5~ 1723 . TR0, TSy .




(a) WAVEGUIDE
OUTPUT
SPHERICAL. MIRROR COUPLING

ELECTRON BEAM
1
) l N 0 N0 0OM0nNn0O00n0nn
A Y
ANODE  gioe view PLANE
CATHODE MIRROR
WITH
AT GRATING
k¢~ ‘Ju

TOP VIEW OF MIRROR

(b) WAVEGUIDE
OUTPUT
SMOOTH
an%n COUPLING

ELECTRON BEAM

]
' N 00 N N.n0.naq Inllnl
ANODE  gipe view ;:‘::SR
CATHODE Wit
GRATING

HORN OUTPUT
COUPLING FOR
BACKWARD WAVE MODE
TOP VIEW OF CORRUGATED MIRROR

Figure 1. First-generation orotrons: (a) Rusin's
orotron and (b) Mizuno's ledatron.

percent. The main difference between these devices
(called DRG’s by Shestopalov, or diffraction
radiation generators) and earlier devices is that the
newer devices used a strip grating (fig. 2) partially
covering the plane mirror, whereas in the earlier
orotrons the grating completely covered the plane
mirror. It is with this latter generation of orotrons
that we have been primarily concerned in this
study.

We have found that the orotron is a practical
source of NMMW radiation. Our findings are
discussed in this repoit; for each technological area
connected with orotron research, we summarize
the state of the art and make recommendations for
further research. In section 2 we discuss the basic
theory of operation of the orotron; the mechanism
of electron bunching in particular is found to be
important in analyzing orotron behavior. In section
3 the characteristics of diffraction gratings in

WAVEGUIDE
OUTPUT
COUPLING

(a)
SPHERICAL MIRROR

ELECTRON BEAM

t
)l_nﬁnllanmnnn

~ ANODE
PLANE
CATHODE MIRROR

WITH
GRATING

(b SMOOTH

SURFACES

STRIP

DIFFRAC -

TION

GRATING

Figure 2. Shestopalov's DRG (diffraction radiation
generator),




orotrons are discussed; the theory of Smith-Purcell
radiation is used to determine optimum grating di-
mensions for orotrons. Experimental studies on
the effects of various grating parameters on the op-
eration of orotrons are reviewed. Section 4 dis-
cusses resonator theory and gives a review of
resonators that have been used or proposed for use
in orotron systems. Section 5 discusses various out-
put schemes that have been devised or suggested.
Section 6 discusses the theory of electron guns,
and suggests some possible designs for use in
orotrons,

2. THEORY OF OPERATION OF THE
OROTRON

A new type of electron tube has evolved over
the last two decades, called the orotron {20}, leda-
tron [21], or diffraction radiation generator [23].
The tube, basically, consists of an electron beain
generator and collector and a Fabry-Perot cavity
containing one grooved mirror (grating) and one
smooth mirror. The principle of operation of the
orotron is based on the Smith-Purcell effect [18].

2.1 Theory of the Smith-Purcell Effect

Consider a metallic grating of period ¢
over which an electron beam of velocity v, is
passed, as shown in figure 3. As the electrons
move over the grating, they induce image charges
in the grating which move up and down the grooves
of the grating. The image charges also act back on
the electrons in the beam to accelerate them. This
system of accelerating charges radiates according
to Maxwell’s theory. The Smith-Purcell effect may
also be viewed as diffraction of the electromagnetic

DETECTOR

ELECTRON
BEAM

x l METAL GRATING !

Figure 3. Basic Smith- Purcell experiment.

field of the electrons by the grating (diffraction
radiation). We may consider a frequency decom-
position of the electromagnetic fields, and thus
work at a frequency o.

Consider a model in which the beam and
the grating have infinite extent, both out of the
paper (x-direction) in figure 3 and to the left and
right (y-direction). Let the z-direction be normal to
the grating surface. Then the electromagnetic field
is a transverse magnetic (TM) field, and we may
consider the x-component of the magnetic induction
H,, alone. Because of the periodic boundary
conditions at the grating surface, H, takes the form

Hx —_ e-iwl 2 Hm(z) ei(a+ 2mm/?)y .(1)

m=—

where t is time and the functions Hp,(z) describe
the z-dependence of the mth-order mode. In partic-
ular, in the free-space region above the electron
beam, we have

Hm(z) = Hp(0) e Tm? | (2)

where T, = \l(a + 2mm/¢)* — (w/c)’. The
coefficients H,,(0) depend on the detailed nature
of the grating and the electron beam. The coef-
ficient a is determined by requiring that the phase
velocity of the zero-order field H, be equal to the
electron beam velocity; therefore

a = w/ Yo . (3)
The phase velocity of the mth mode is given by

w
oM™ = T 2me @

It can be seen from equation (2) that those
modes with | vp(m)| < cdo not radiate, whereas
those with | vp(m) | > c radiate. This condition
restricts the radiating modes to a finite number,

For those modes that radiate. the angle of
radiation, 6, is related to the frequency by
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c(a + 2mm/?)
w

cosf = (%)

Using equation (3) in (5) and expressing the fre-
quency in terms of the wavelength A\ = 2nc/w,
we obtain

—mA = ¢ (c/v ~ cosf) 6)
This is the Smith-Purcell formula.

The determination of the coefficients
H,(0) in equation (2) is a tedious electromagnetic
boundary value problem that has attracted the
attention of a number of authors {24-29]. The main
results of these calculations may be summarized as
follows.

1. The beam-grating interaction is rela-
tively weak and decreases exponential-
ly as the beam-grating distance is in-
creased.

2. The interaction of the grating back on
the beam to cause bunching is weak.

3. Theradiated power is spread over 180
deg in angle and is over a wide range of
frequencies.

The first attempt at using the Smith-
Purcell effect in a practical radiation device was
the varotron [ 30], which essentially consists of the
Smith-Purcell experimemt with a high-current
electron beam. Because of the large spread in fre-
quency and angle noted above, the device opeiated
essentially as an electron-beam pumped light bulb;
i.e., a broadband noise source,

Improved efforts at constructing a co-
herent NMMW source using the Smith-Purcell
effect were initiated by the Russians [20] and
Japanese [21). The devices that these researchers
produced (called, respectively, the orotron and
ledatron) consist of the Smith-Purcell experiment
placed in a Fabry-Perot resonator with the grating
acting as one of the resonator mirrors, as shown in
figure 1. The purpose of the resonator is to select a
particular frequency out of the Smith-Purcell radi-
ation and feed it back on the electron beam, thus
causing bunching of the beam.

Another way of viewing these orotrons is
to consider [21] the Fabry-Perot resonator with
one grooved mirror to be a resonator capable of
supporting both slow and fast waves; the electron
beam interacts with the slow waves, and the
resonator supports the resuitant fast waves. Mizuno
[22] found two different modes of operation of the
ledatron, but the second mode (a backward-wave
mode) may, for the purposes of NMMW genera-
tion, be regarded as spurious since it is inefficient
and it operates at a longer wavelength than the
other (Fabry-Perot) mode.

The wavelength of operation of the F abry-
Perot mode is determined from equation (6), since
only that radiation emitted at 90 deg is resonant
with the cavity. Therefore, assuming that the
fundamental mode (m = —1) dominates, we get

>\=_£’c_ (N

v

This relation is found to hold experimentally.
Figure 4 shows the operating curves of orotrons
(wavelength versus beam accelerating voltage) for
various values of ¢ appropriate for the NMMW
region,

X (mmj

OPERATING WAVELENGTH,

OPERATING VOLTAGE. VirV)

Figure 4. Operating characteristics of orotions,
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2.2 Electron Bunching in Orotrons where t is the time of arrival of the electron at the P
end of the groove. The quantity t,is determined by ;
Although the Smith-Purcell effect is the }
mechanism underlying orotron operation, it is the d=v(t; — t) 3
bunching of the electrons in the beam that allows g
coherent radiation by the device. Determining the E _ )
operational conditions for orotrons requires + & [e_“""‘ - e_"'"“] 9 '
analyzing this bunching in detail. We shall consider o’
a simple idealized model.
ieE —i
Consider the simple model depicted in + =" (t; — ta)

figure 5. We assume an rf electric field in the
orotron resonator along the y-axis, whose magni-
tude at the nth groove of the diffraction grating is
Eqn(x) €', where w is the frequency of the rf
field. The electric field is assumed to be zero
between grooves (this is so because of the boundary
condition on the tangential component of the field
atthe grating). Let € be the grating period, and d the
groove width. Consider an electron in the beam
whose velocity is v, when it arrives at the nth
groove. Let its time of arrival at the nth groove be
tn. Upon reaching the groove, the electron will be
accelerated or decelerated by the rf field, depending
on the phase of the field at its time of arrival. After
traversing the groove, the velocity of the electron is
found to be

Having arrived at the end of groove n at time t,, the
electron then travels to groove n + 1 with velocity
Va+1s thus

& —d=vpei (tas1 — tq) . (10)

The above three equations determine vp4 g, ty,
and tp4, in terms of v, and t,, and thus may be
iterated to determine the motion of an electron over
the entire grating surface. However, the equations
as they stand are not amenable to closed-form
solutions, as they require numerical solution at
each iteration.

This difficulty may be eliminated if we
perform a small signal analysis; that is, we assume

Vatl = Vg the rf field to be small enough so that the equations
may be linearized. This allows us to compute the

ieE, ot it (8) current density in the beam in closed form. From

T e [e n—e “] » the current density we may obtain the power radi-

ELECTRON WITH ELECTRON WITH

ated by the beam according to Poynting’s theorem
as

VELOCITY v, VELOCITY v 4 1 -
™™ rt FIELD Eq *™ MHFIELDEp.y Prag = -3 Re f J - E*dV | (1)
T
. T where the integral is over the volume occupied by
. w w the electron beam, and where J is the rf component
h § § of the current density ( * = complex conjugate).
&) [
' The grating-beam system, of course, is
1oL | I immersed in a cavity which supports the rf electric
= - field E. The total energy in the cavity is
I BT

Figure 5. Electron bunching in orotrons.
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where the integral extends over the resonator
volume. In the above, H is the rf magnetic field in
the cavity, £, = 8.854 X 107 F/m is the
vacuum permittivity, and g, = 47 X 107" H/m
is the vacuum permeability. A radiative Q for the
cavity may be defined as (see sect. 4)

wU
Qr = Pud ( 1 3)
(being negative, since the radiation increases the
stored energy), and the starting current for coherent
radiation is determined by the condition

1 1
_ —
Qo de

where Q, is the quality factor of the resonator. This
condition gives for the starting current

=0 , 14)

1 — N n—1
L T
k=1

3
Lstan mw-€, n=1

X £, o ANk £/%

iwl

ve (n — li)(l — cos -%—f—):l

. . |
2d (e 2t~ 1) i as)

Vo

where N is the total number of grooves, and

1 B/2
B =5 g, BOE@d , (16)

where the integral is over the width B of the
electron beam. The quantity E ,(x) is the field at
the nth grating groove as a function of the trans-
verse coordinate x, such that the energy (12) is
normalized to unity over the resonator volume.
The quantity v, is the initial electron velocity.
given by

10

Vo = ‘/ 2;\] s (17)

where V is the beam accelerating voltage.

In evaluating the above expression for
actual orotrons, one must use the resonator modes
given in section 4; in this case the dependence of f,
on n is Gaussian. We have evaluated starting
currents from equation (15); the starting current is
found to be strongly dependent on the parameter

wl

o =2

Vo

. (18)

which is found to be 27, from the theory of the
Smith-Purcell effect. In actuality, from equation
(15) we find § somewhat less than 2. To choose a
concrete example, we choose a resonator whose
mirror spacing is 25 mm. The grating is assumed to
have a length of 40 mm and a width of 10 mm. The
groove spacing of the grating is 0.4 mm and the
groove width is 0.15 mm (these values are found to
be optimum for radiation at A = 4 mm:; see sect.
3). The spot sizes along x and y (see sect. 4) are
both chosen to be 10 mm. We choose a resonator
Q of 5000. typical of those obtained experimentally
(sect. 4).

Figu:e 6 shows the starting current for the
above parameters as a function of the phase angle
#. The phase ngle at which the orotron operates
corresponds tc the minimum in the figure, or

4
T = 6248

4

This gives. for A = 4 mm operating wavelength.
v, = 3.02 > 10" my/s for an accelerating volt.
age V = 2590 V. The starting current for these
conditions, from figure 6.1s 11 mA, about a factor
of two lower than that observed experimentally
(see sect. 4).

As can be seen, the electron bunching
theory provides a good estimate of operating
conditions; however, the theory is still in crude
form; improvements need to he made sc that the
theory can guide the design of orotrons operating at
smaller wavelengths.

i
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3. OROTRON DIFFRACTION
GRATINGS

The diffraction gratings used in the orotron are
an integral part of the resonant cavity. Conse-
quently, in designing a grating that will give maxi-
mum performance, the interaction of the electron
beam with the grating positioned in the cavity has
to be considered. Theoretical analysis of this
problem is quite complex, and so experimental
investigation has been the main method for these
studies. A vast amount of experimental information
has been published [23] concerning the effect of
the diffraction grating on the operation of orotrons,
and we will use this information primarily for
designing appropriate gratings for proposed experi-
ments for an orotron that works in the 4-mm wave-
length range,

As far as the theoretical treatment of the
problem is concerned, the topic of electron beams

interacting with gratings and other periodic struct-
ures is too vast to be covered here. We will not
attempt to list all the contributors to the field;
however, we will give results from several of the
papers that develop the theory for determining
optimum grating parameters. Much of the theory
for different types of gratings is given by Shes-
topalov [23]. Various other papers are also useful
[24, 26, 27, 29, 31-37]. Some of the physical
results which have been determined for periodic
strip-type gratings are particularly useful. These
solutions make it possible to compare theoretical
results for more complex situations and to give
guidance for setting up experiments intelligently.

3.1 Theoretical Predictions

The emission from charged particles
passing over periodically repeated inhomogeneities
shows certain specific characteristics. Some of
these characteristics were discussed in section 2.
There we supposed that a modulated electron
beam passes close to a flat diffraction grating as
shown in figure 3. The emission spectrum is
determined only by the period of the grating, and
equation (6) gives the relation of the emission
frequency to the velocity of the source. The
emission spectrograms obtained by Smith and
Purcell verified these formulas. In the case of a
periodic strip-grating, where d is the strip width
and ¢ is the period as shown in figure 7. Shestopa-
lov [23] determined the optimal value of d at which
radiation is a maximum in the interval
0 < d < 2, He showed that when a wave is
radiated in the direction of the normal to the
grating, the optimal value, dyp. is obtained ap-
proximately by the formula

dopt = ¢ 2 i ‘\ﬂ(] + —L——) . (19)
m c“_ x'.‘

ELECTRON BEAM

-

k)

INFINITESIMALLY THIN
~d - CONDUCTING SHEETS

Figure 7. Strip grating.




2

2
under the condition that C—2§—2 << 1.
- X
Here { is the solution of the transcendental equation
e VX = ¢ (20)
and x = ¢/A.

Since actual gratings to be used in orotrons
can have different shapes, it is necessary to com-
pare different grating configurations. Shestopalov
(23, pp 52-63], carries out a comparative analysis
of periodic structures for determining the optimal
profile of any grating which should be selected for a
particular type of generator where the Smith-
Purcell effect is used for generating oscillations.
This comparative analysis determines the con-
figuration that maximizes the amplitude of the
plane wave that is radiated away from the grating
during the passage of the electron stream above it.
The most acceptable profile is also selected ac-
cording to the possibility of operating the generator
at higher space harmonics. This consideration may
be advantageous for creating orotrons that operate
in the submillimeter wavelength range.

The types of reflection gratings considered
by Shestopalov are shown in figure 8. These he
calis (a) a comb type, (b) an echelette with

(a)

(c)

Figure 8. Gratings considered in Smith-Purcell
radiation: (a) rectangular bars, (b)
echelette, and (c) semicircular cylinders.

rectangular teeth, and (c) gratings of circular semi-
cylinders lying on a metallic plane. Shestopalov
found the energy characteristics of Smith-Purcell
radiation for each grating by generating the ap-
propriate equations for the diffraction of a non-
homogeneous plane wave on the gratings, which he
then solved by numerical computation on a
computer.

From these extensive numerical calcula-
tions, it was found [23, p 58] that only the comb
has sufficient vertical radiation to be of interest in
the type of orotron described here, For the echelette
and the grating of semicylinders, vertical radiation
is extremely small; and although lateral radiation
is intensive, it is directed at very small angles in
relation to the grating.

The numerical calculations described
above also show that the energy maxima of the
radiated harmonics occur when the comb depth is
h = 0.22). Using this comb depth, Shestopalov
obtained the optimum value of § = d/¢ for the
comb |23, p 50]. For maximum radiation coming
off normal to the grating,

| 6
iAh!=)\%

(21)
This limitation is used to determine the tolerances
for the manufacture of the gratings.

3.2 Experimental Studies

The theoretical studies described above
suggest that comb-shaped grating (rectangular
grooves in a meta! surface) be used: they also give
grating parameters that optimize the energy coming
away from the grating. Extensive experimental
work has confirmed these theoretical results and
has shown how certain other factors (such as
grating length, width, and edge effects) affect the
performance of the orotron. These experimental
results also indicate how the grating should be
positioned within the cavity for cavities of different
shapes.

It was found [ 23, p 180] that the resonator
mirror that is partially covered (as opposed to




completely covered) by a diffraction grating has a
more rarefied oscillation spectrum. By changing
the width of the grating, one can change sub-
stantially the number of types of oscillations ex-
cited in the open resonator and control the distances
at which oscillations of a higher order may appear.
In order to improve the output characteristics of
the ortron, it is then essential to determine the
effects of the finite dimensions of the reflecting dif-
fraction grating and the various inhomogeneities
on it. Shestopalov [23] gives results of such
studies.

First, Shestopalov discusses the effect of
the grating edges on the operation of the orotron.
Surface waves are generated in the orotron whose
reflections either enhance or degrade the rf electric
field interacting with the electron beam. Thus, in
general, the operating conditions of the orotron
become somewhat frequency sensitive. In an at-
tempt to remedy this situation, Shestopalov sys-
tematically studied the effect of the ends of the
grating on the generator’s operation on a specially
manufactured orotron designed to operate at a
wavelength A = 4 mm. Some of the results are
summarized in table 1. This study shows that the
greatest variation of output power with frequency
is characteristic of reflecting diffraction gratings
with grooves of equal depth over the entire length
from the anode to the collector. There is a weaker
dependence of the output power on the frequency

in an orotron whose grating has flat pedestals
4 mm long near the gun and collector ends of the
grating. For the gratings in which the depth of the
grooves on the 10 extreme periods was increased
or reduced, a more uniform variation in the level of
the output power over the tuning range was observed.

In the above cases, resonance with re-
spect to a slow wave was observed, which was
caused (regardless of the way the reflecting dif-
fraction grating was prepared) by the nonremovable
reflection of the surface from the ends of the grating
(the value of the reflection factor and its phase de-
pend on the frequency and geometry of the ends of
the grating). Total removal of reflection from the
ends of the grating is achieved by covering the
extreme grooves with aquadag or by filling them
with graphite plates. For gratings with ends covered
with aquadag, the output power changes more
smoothly with the changes in their frequency than
in all preceding cases. The insufficient absorbing
ability of a thin layer of aquadag resulted in the
reflection of the surface wave from the ends of the
grating at frequencies of 59 and 65 GHz in an
unfavorable phase, and at 57 and 63 GHz in a
favorable phase, which changed the level of the
output power at these frequencies. By using graphite
plates instead of aquadag, it was possible to
achieve orotron excitation with a power which
changed relatively little over almost the entire
tuning range.

TABLE 1. EFFECT OF GRATING END TERMINATION ON OROTRON PERFORMANCE

. Minimum starting Qutput Tuning
Methoi: :;: ::::)gn extarg:w slots current power range
prane (mA) (W) (%)
Ordinary grating 70 0.7 13
No slots at end of grating 50 0.6 20
Smooth deepening of extreme 10 slots ‘
from 0.98 to 1.2 mm 45 0.6 23
Smooth decrease of extreme 10 slots
from 0.98 to 0.78 mm 60 1.3 24
Ends of grating covered with aquadag 40 0.5 20
Graphite inserts in ends of grating 70 0.75 17




The shape of the ends of the reflecting
diffraction grating also influences the starting
currents and the tuning range (table 1). The tuning
range is minimal in an orotron with a grating in
which the grooves have the same depth along the
entire length (there is no matching with respect to
the surface wave). The tuning range widens for a
grating with flat pedestals at the ends. It is widest
when the depth of the grooves decreases smoothly
at the 10 extreme periods (the widening of the
tuning band in this orotron was obtained at the
expense of the high-frequency part of the tuning
range). The highest efficiency, a wide tuning range,
and a relatively smooth change in the starting
currents and output power were achieved in the
gratings with smooth deepening of the 10 extreme
slots by 0.05 mm every two periods.

Shestopalov [2 3] also reported results of
experimental work to determine optimal grating
widths. For example, at A = 4 mm, optimal data
were obtained for grating widths of 10 to 15 mm;
when the grating was widened further, the excita-
tion conditions of the resonator worsened, since
there was some increase in the ohmic losses (they
are proportional to the area occupied by the
grating) and diffraction losses (occurring when the
field spot does not correspond to the width of the
grating). When the reflecting grating is widened,
the excitation conditions of the orotron worsen
also, because the directional pattern of diffraction
radiation does not correspond to the excited type of
oscillations of the resonator.

Experiments were also performed 10 de-
termine the optimum length of the reflecting dif-
fraction grating. The experiments show [23, p
299] that for normal operation of the orotron, the
grating length must be more than twice as long as
the dimensions of the field caustic (see sect. 4).
since, in spite of the smallness of the field beyond
the caustic, the preliminary modulation of the
electron stream has a substantial effect on the
operation of the generator. This phenomenon can
be explained clearly by means of the theory of
electron bunching, which we discussed earlier.

In orotrons which use a plane mirror in the
open resonator, the position of the grating surface

with respect to the mirror surface is important. For
example, in the case of an orotron with the top
surface of the reflecting diffraction grating applied
flush with the plane mirror, the effective excita-
tion of oscillation takes place in those regions and
on those types of oscillations where the effect of the
grating is relatively small: in this case, there is a
field minimum at the grating-mirror boundary. The
excitation conditions for oscillations with different
field distributions result in an increase in the
starting current and a decrease in the level of the
output power.

In the orotron in which the effect of the
grating raised above the surface of the plane mirror
was reduced to a minimum, the excitation condi-
tions for the same type of oscillation were practic-
ally identical over the entire tuning range. This was
revealed by the dependence of the starting current
on the wavelength for several types of oscillations.
For the orotron with the elevated grating, the
starting currents changed smoothly not only within
the limits of one oscillation, but over the entire
range. The power changed in the same way
depending on the wavelength. The optimum height
of the grating surface above the plane mirror
surface was found to be 0.6 mm, for A = 4 mm
It was founc “hat the position of the grating does
not adversely affect the orotron operation for cer-
tain other cuvities such as a spherocyl.ndricai
cavity: thisis .|;scussed further by Shestopalov |23

For exanple, the theoretical and expen
mental results pub'-.hed by the Soviets | 23] gne
detailed information 1« quired for the proper selec
tion of an orotron gratiwy. The theoretical calcula
tions give the optimum prating parameters this
relate the wavelenath y roove pitch, groove wadry
and depth, and the beas s electron veloonn. The
experimentat results shos the importance of the
position of the diffraction wrating surfi o with
respect to the murror surfice for one particula
cavity configuration. I'dge effects caused by the
finite size of the grating civients were abse eaplored
in detail. The optimum conditions tor 1he fength
and width of the prating were also cuamined in
much detail experimentally.
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Following this earlier Soviet work, a
grating was constructed as shown in figure 9. The
grating material is copper. The grating should have
a high conductivity to cut down on ohmic losses.
This fact suggests that silver might be desirable,
but it would be no better than copper because of
other mechanical considerations.

(a) GROOVE DEPTH
-
—p

0 15mm GROOVE WIDTH

088 0.1mm
0 4mm PITCH

NOT TO SCALE

(b
SNy

NOT TO SCALE )
Bl 40mm "I

GRATING 1000A GOLD ON ALUMINUM

Figure 9. Recommended diffraction grating.

4. OPEN RESONATORS USED IN
OROTRONS

The feature that distinguishes orotrons from
other electron tube oscillators and amplifiers is the
use of a high-Q open resonator as a feedback
device. The open resonator allows the buildup of
large electric-field oscillations near the electron
beam, which cause the beam to become bunched.
This allows the orotron to operate at relatively high
efficiency in spite of the fact that the basic radia-
tion mechanism (the Smith-Purcell effect) is weak.
In the present section we examine the properties of
high-Q open resonators and review numerous
experimental studies of these resonators.

4.1 Theory of Basic Open Resonators

Of primary interest is the distribution of
electromagnetic radiation in the interior of an open
resonator. We shall consider resonators whose
mirrors are spheroidal. The axis of the resonator is
assumed to be along the z-axis. Approximate
analytical solutions can be obtained for the resona-
tor modes in this case by writing [38]

E(xyz) = y(xyz) e . (22)
where E is a transverse component of the electric
field and where k = 2m/X\ is the wave vector
corresponding to the frequency w = ck, wherecis
the speed of light in a vacuum. Assuming that

oy | oy )
k—| >> | — | << k¢
dz 0z v
the wave equation becomes
oy Y .| oY
—0 + —— + 2ik[—[ =0 23
ox? ay? "3z 23

The above approximation is equivalent to as-
sumingw >> X where w is the tranverse width of
the electromagnetic field pattern. We shall find
that this condition is not strictly satisfied for the
resonators and wavelengths that we shall consider.

Solutions of equation (23) for freely pro-
pagating modes have been obtained [39]. These
are

= WorWoy
Enm(x.y.2) El’\/w;(z)wy(z)

X 4
x Hn[\ 2 w,(z)J Hun [\ 2

N B x.' _ ___)i:
exp wy(z)} w_\.(z)"
Lo X Y

R R@ 2Ry(2)

+ikz — i(n + Y (z) — im + ‘7)71,.(2)]

(24)

where

wy(z) = wox[l + ( -

Zox
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Ry(z) = (—z—_lzn; [(z hn zmx)2 + z(zix]
(26)
nx(z) = tan™' (z :ﬂzm) , 27)
Twi,
o = ) (28)

with similar relations for wy(z), Ry(z), ny(z), and
Zyy in terms of zyy and woy. In equation (24), the
quantities H, and Hy, are Hermite polynomials of
degree n and m, respectively [40). The parameters
Zmx, Zmy» Wox, and oy are arbitrary constants that
will be determined later.

Resonator modes are obtained by super-
imposing opposite traveling-wave solutions of the
form of equation (24) and requiring that they
vanish at the surface of both resonator mirrors.
Consider a resonator formed by placing a spheroi-
dal mirror (mirror 1) — whose radii of curvature
are Ryy and R)y — atz = 0 and another (mirror
2) — whose radii of curvature are Ry, and Ryy —
at z = L.* Then the arbitrary constants are de-
termined by the relations

Rl X (29)

1 [zz
Zmx mx

Rxu = '(T_'!;’S [(L —zm) + 131] '

-

(30)

or

z = L(Rh - L)
™ (R +Rjx—2L)

(1)

. hnwmnmnonhcbmnlw..u'y O the mirrors curve toward the

interior of the resonator.
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Zox = (32)

L(Rze = L) (Ryx — L) (Rgs + Ryy — LY
(Ryx + Ry — 2L)

The minimum spot size is found to be

Wox = (33)

[A'L(sz —L)(Rix—L)(Ryx+ Ryx — L)]
m(Ryx + Ry — 2L) '

Identical relations are found between the y-sub-
scripted quantities.

Using equations (29) to (33) in (25), the
spot sizes in equation (25) may be determined at

any point within the resonator. Of particular
interest are the spot sizes at the mirrors. At mirror

I,
1/4
' o
Azl-'(Rlx - L) R;x v 35)
P(Rm+ Ry~ L) (Ry-1) | *

with similar relations for wy(0) and w,(L).

wy(0) =

|

and at mirror 2,

NL(Rz — L)R},
m(Rax + Ry —L)(Rix — L)

wy(L) =

In addition to the above relations, there is
another which is obtained by requiring the boundary
conditions to be satisfied simultaneously at both
mirrors:

M+ W) - num] ¢
(m+ W) |nyL) - nd® | = kL - gqm

(36)

where q is an integer and n, and n, are given by
equation (27). Equation (36) determines allowed




values of A(= 2m/k) for given L, or conversely,
allowed values of L for given k. We obtain from
equation (27)

n(0) = 37
- L(RZx — L)
— 1
tan \[(Rlx - L)(R2x + Rlx - L) ’
nx(l) = (38)
[ L(Rix — L)

R~ D(Rix * Ry = D)

Thus, for a given resonator with a given resonator
spacing and wavelength, the modes are character-
ized by three integral indices (mnq), the first two
describing the transverse behavior and the last the
longitudinal behavior.

We shall be particularly interested in

hemispherical and spherocylindrical resonators. A
hemispherical resonator has R)x, Rjy = < and

(3)1
xory

N

R2; = Rzy = R (fig. 10). From equation (36)
we find that modes with(n + m) fixed are degen-
erate; that is, they have the same k for fixed L and
q. On the other hand, the modes for a spherocylin-
drical resonator are completely nondegenerate.
These resonators have Ryjy —~ =, Rjy = Rgy,
and R>; = Ryy = Ry (fig. 10).

In particular we consider three resonators
whose dimensions are appropriate for use in milli-
meter-wave orotrons. Resonator 1 is spherocy-
lindrical with Rey; = 80 mm, Ry, = 110 mm.
Resonator 2 is spherocylindrical with Ry =
Ry = 110 mm. Resonator 3 is hemispherical
withR = 80 mm. We consider the characteristics
of these resonators at a wavelength A = 4 mm.

Figure 11 shows the beam spot sizes as
given by equations (34) and (35) as a function of
the mirror separation L. Note that, for the sphero-
cylindrical resonators, the beam spot sizes at the
mirrors along the x- and y-directions may be
chosen independently, whereas in the hemispheri-
cal resonator they are equal for a fixed separation
L. Table 2 lists the allowed resonator modes for
mirror spacings between 18 and 20 mm for these
resonators.

y=0 PLANE

=
x=0 PLANE

n

Figure 10. Resonator configurations: (a) hemispherical and (b) spherocylindrical.
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Figure 11. Spot sizes for various resonators.

The above considerations are of import-
ance in designing open resonators for use in
orotrons. Also of importance are the various loss
mechanisms in the resonator. For the orotrons to
perform effectively. these losses must be mini-
mized. The quality factor of a resonator ix ¢~fined
by

(39)

where U is the stored electromagnetic energy and
P is the power dissipated. Losses in the resonators
that we are considering are primarily due to four
mechanisms:

® ohmic losses at the mirrors,

® diffraction losses,

® scattering losses due to imperfections in
mirror construction, and

® output coupling losses.

We consider all these contributions separately
below.

Ohmic losses may be calculated through
the ::lation [41]

2 boon 0
Pom = g J A

where the integral is over the surfaces of both mir-
rors, and Hj is the tangential component of mag-
netic field at the mirror surface. The quantity o is
the conductivity of the mirror material. and 6 is the
skin depth, given by

(40)

2

§ = ¢ E}U . (41)

where u, = 47 X 10 * H/m is the vacuum
permeability. The electromagnetic energy U stored
in the radiation field and occurring in equation (39)
may be calculated by

'Qﬂfugz+#nﬁ:) .

where £, -~ %854 % 10 " F/m is the vacuum
permittivits 1d where the integral 1s over the
volume of 1+ resonator. The quantities (40) and
(42) may be . 'culated usine the resonator modes
correspondir. > equation , 24 The result is

U= (42)

Qobm i

L
5 (43%)
Table 3 gives the wkir Jepth § and ohmic Q-factor
Qonm for a few materias of interest at a trequency
f= 75 GH: ‘A - % m) at a resonsator
spacing of L = Itv mun

The ohnve e given by equation
(43) is appropriaie oo resorators bounded
smooth reflectors Incrciros
(the cylindrical murror i the case of spherocvin
drical resonators. the pline iran in heiosg erical
resonators ) contams otanp prating The effect of
this grating 15 to severely modiy the diectiomag
netic field distribution near and the

however, mirror |

TITror




accompanying ohmic losses can become some-
what large. Calculating these ohmic losses is a
formidable task, requiring knowledge of the mag-
netic field at the grating surface (see eq (40)). Cal-
culation of these fields requires the numerical solu-
tion of a boundary value problem (see sect. 3);
computations of ohmic losses in resonators con-
taining gratings have not yet been performed for
this reason. However, experimentally it is found

that resonators containing gratings have Q’s in the
range from 2000 to 6000, indicating that ohmic
losses in this case are much more severe than
indicated by equation (43).

Computation of diffraction losses in open
resonators requires the numerical solution of an
integral equation [42], since the solutions (24) are
not strictly correct for resonators whose mirrors

TABLE 2. MODE SPECTRUM OF SOME RESONATORS AT A = 4 mm
BETWEEN L = 18 mm AND L = 20 mm?

Spherocylindrical Spherocylindrical Hemispherical
resonator resonator resonator
Reyi = 80 mm, Ry, = 110 mm Reyt = Rypp = 110 mm Ryph = 110 mm
n m q L (mm) n m q L (mm) n m q L (mm)
1 1 9 18.01 2 0 9 18.06 0 3 9 18.07
0 3 9 18.14 0 3 9 18.12 i 2 9 18.07
2 0 9 18.15 1 2 9 18.23 2 1 9 18.07
1 2 9 18.28 2 1 9 18.34 3 0 9 18.07
1] 4 9 18.42 0 4 9 18.40 0 4 9 18.35
2 1 9 18.43 3 0 9 18.44 1 3 9 18.35
1 3 9 18.56 1 3 9 18.51 2 2 9 18.35
3 0 9 18.57 2 2 9 18.62 3 1 9 18.35
2 2 9 18.71 3 1 9 18.73 4 0 9 18.35
3 1 9 18.86 4 0 9 18.84 0 0 10 i9.28
4 o 9 19.01 0 0 10 19.33 0 1 10 19.56
0 0 10 19.35 0 1 10 19.61 1 0 10 19.56
0 1 10 19.63 1 0 10 19.72 0 2 10 19.84
1 0 10 19.78 0 2 10 19.90 1 1 10 19.84
0 2 10 19.92 1 1 10 20.01 2 0 10 19.84

ﬂ‘ryl ~- radius of curvature of cylindrical mirror

R ph — radius of curvature of spherical mirror
A m, g — integers from eq (16)
L —~ length of grating
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TABLE 3. SKIN DEPTHS AND OHMIC Q-
FACTORS FOR SOME MATERIALS?

Material o (X107 §(X10™%  Qonm
mho/m) cm)

Aluminum 354 3.09 32,400

Copper 591 2.39 41,800

Gold 4.10 2.87 34,800

Silver 6.81 2.23 44,800

2 Frequency f = 75 GHz; A = 4 mm; mirror spacing L = 20 mm.
Source: American Institute of Physics Handbook, 2nd edition, pp 9-38, McGraw-
Hill Book Co., Inc., New York (1963).

have finite size. The computations have been
performed for confocal symmetric resonators {43]
and may be extended to any resonator with a
symmetry axis. Let the resonator consist of two
spherical mirrors, separated by a distance L, of
radii of curvature R, and R, and diameters d, and
d,, respectively. Then an equivalent confocal
resonator can be chosen for each mirror such that
the ratio of diameter to beam spot size on the
mirror is the same as that of the equivalent
confocal system. We define “effective Fresnel
numbers” as

-4

Newi = [ OF ° (44)
I

Neﬂ‘.2 - 41rlw,(L)]z . (45)

which are the Fresnel numbers of the corresponding
equivalent confocal resonators. Once these have
been computed, the losses per pass, a, and a,, can
be obtained from Boyd and Gordon [44]. The
diffraction Q-factor is then found from

_ 4nL
leﬂ""' (a|+az)x (46)
From Boyd and Gordon, we find that, in order for
diffraction losses to be less than the ohmic losses
given by equation (43), we must have

Nej = 1.2 47
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for the TEM,, mode. For the hemispherical reso-
nator 3, for example, this requires that d, 2
28 mmandd, = 32 mm. In practice, the mirror
diameters are chosen somewhat larger than these
values, and so diffraction losses are small compared
with ohmic losses.

Imperfections in the reflector surfaces
may also lead to a decrease in the resonator Q.
These losses cannot be computed except through a
somewhat inexact statistical method; we shall not
do so here. They may be minimized by requiring
close tolerances in the resonator construction; in
this way, it is possible to make these losses small
compared to the ohmic losses.

Finally, losses due to output coupling
from the resonator, which are discussed in more
detail in section 5§, must be considered. The normal
method of output coupling is by a slit on the surface
of resonator 2. The Q-factor corresponding to
output coupling is given by equation (39) where P
is now the output power. Section 5 demonstrates
that coupling is optimum when Qqy, the output
coupling Q, is equal to the unloaded Q,, where

1 1 1 1

—_— = + + 48
Qo Qohm Qdiﬁ Qscm (48)
In general, the overall cavity Q is
1 1 1
_ = —— 4+ — 49
Qu Qo Qout “9)

and so for optimum output coupling we obtain
Qi = Qo/2. For resonators with smooth re-
flectors, assuming that ohmic losses dominate, we
obtain Q, = 20,000, which is obser ed experi-
mentally.

4.2 Experimental Studies

The primary problem in extending the 4-
mm work of the Soviet orotrons to the short
millimeter and submillimeter ranges is finding
good resonator designs. By a “‘good resonator
design" we mean one for which the field spot size
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on the mirror containing the diffraction grating is of
optimum size, the Q is sufficiently high for the
modes of interest, and the field amplitude is suf-
ficiently high in the region of the grating to obtain
reasonably strong electron-field interaction. The
theory outlined above should serve as a useful
guide in designing such resonators; however, ex-
perimental siudies are necessary to complete the
designs. Fortunately, these studies have already
progressed to a high level of sophistication, and
may be grouped into two areas: cold studies of
resonators alone, and studies of operating orotrons.

4.2.1 Cold Studies

Cold studies consist of measurements
of the Q-factor of resonators and the electromag-
retic fitld distributions within the resonators.
Highly sophisticated methods have been devised
{44] for making these measurements; we will not
discuss these methods here except to say that they
involve introducing a small scattering or absorbing
probe into the resonator and measuring either the
change in the resonator Q or the change in the
output power.

In the first operating orotrons, resona-
tors with the plane mirrors completely covered by
diffraction gratings were used [45]. It is of interest
to compare these resonators with corresponding
resonators with smooth mirrors. Consider two
hemispherical resonators, with dimensions Ryph =
180 mm, dspy = 74 mm, and dp, = 70 mm.
One of these resonators has a plane mirror covered
by a diffraction grating with parameters ¢ =
09 mm,d = 0.4 mm, and h = 2.75 mm (see
sect. 3 for the definition of these grating para-
meters).

Figure 12 shows the Q-factor of these
resonators, for A\ = 4 mm, as a function of the
distance L between the mirrors (L/Rypp is the
relative distance). Note the dramatic decrease in
the resonator Q when one of the mirrors is covered
with a grating. Inthis case, the Q is also sensitive to
the particular transverse mode excited in the
resonator, Curve 2 is of particular interest; the Q of
the TEM,, mode for 0.45 < L/Rypn < 0.6 is
about 6000.

(2]
4
4
4

Qx 104
[A)

Figure 12. Dependence of Q-factor on distance
between mirrors for hemispherical res-
onators: (1) resonator with grating,
TEM,q, (2) resonator with grating,
TEM,q, and (3) resonator with smooth
mirrors.

Another quantity of interest is the
number of modes for a given separation L whose Q
are sufficiently high to allow excitation of these
modes. This information is often presented in the
form of a histogram with L/R,p), plotted on the
vertical axis, with eachmode (nm) represented as a
vertical bar whose extent gives the range of L/R;pn
over which the mode can be excited. We shall not
oresent this information here, but we summarize it
by stating that 11 distinct modes can be excited in
both the above resonators [46] for 0.4 Repn <
L < Rgph.

Later orotrons have diffraction strip
gratings which cover only a portion of the plane
mirror. These resonators have a thinner mode
spectrum compared with those considered above.
For instance, with a grating widthof B = 5§ mm
(other parameters remaining the same as above),
such a resonator could only support three modes
for 0.35 Rgph < L < Rgpp. This fact makes
these resonators particularly appropriate for use in
orotrons.

In addition to having a high Q, the resona-
tors used in operating orotrons should have a large
electric field near the grating. Studies were per-
formed [47] in which the position of the grating
surface relative to the plane mirror surface in a
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hemispherical resonator was variable. At a wave-
lengthof A = 4 mm, it was found that raising the
grating by z, = 0.6 mm above the plane mirror
dramatically enhanced the field distribution near
the grating.

Spherocylindrical resonators have been
suggested to improve the electron-beam/reso-
nator field coupling in orotrons. Studies performed
on spherocylindrical resonators [48)] indicate that
these resonators with smooth reflectors can sup-
port up to 28 modes. However, when a strip grating
is applied along the axis of the cylindrical mirror,
the mode spectrum is rarefied considerably. The
Q-values of the various oscillations in these res-
onators remained high when the mirror spacing L
was lowered to 0.15 Rgppn, as opposed to the
hemispherical resonators; in addition, the field
amplitudes at the grating were also high when the
Q-factor was high, which is seldom the case in
hemispherical resonators. These qualities of
spherocylindrical resonators make them appropri-
ate for use in compact orotrons. It is found that
TEM,, modes are most easily excited, although
nearly all the excitable modes are suitable for use
in orotrons.

Coupling of output power in orotrons of
short millimeter and submillimeter range becomes
difficult when conventional methods are used (see
sect. 5); as a possible solution of this problem, an
open toroidal resonator was developed [49). This
resonator allows output coupling through a large
hole in the center. Figure 13 shows such a resona-
tor. Studies show that such resonators may indeed
be the best ones to use at shorter wavelengths.

4.2.2 Operating Orotrons
It is of interest to compare the perform-
ances of various resonator designs in operating
orotrons. First, it is interesting that the TEM,,
mode is the most easily excitable; for example, we
compare this mode with the TEM,; mode [23].
TEMy;: Pow = 1.2 W: loperating = 140 mA;

Istarting = 90 mA
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Figure 13. Toridal resonator: (a) top view and (b)
side view.

TEMZ].’ Pout = 0.03 w; Ioperating = 160 InA;
Tganing = 140 mA

Other modes can be excited, but this occurs very
rarely and with much higher starting currents.

A study was performed [50] in which
orotrons having various spherocylindrical resona-
tors were compared. The radius of the spherical
mirror remained constant at Rgpn = 110 mm
while the radius of the cylindrical mirror varied.
Gratings were used whose parameters (see sect. 3)
were = 0.4 mm,d=0.15 mm, h=0.88 mm,
and width B = 10 mm. Energy was withdrawn
from a coupling slot 0.1 X 3.6 mm?’ in the center
of the spherical mirror, Results of the investiga-
tion are summarized in table 4.
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TABLE 4. SUMMARY OF OPERATING CHARACTERISTICS OF VARIOUS OROTRONS
WITH SPHEROCYLINDRICAL RESONATORS

Resonators
Parameter 1 2 3 4 5 6
Rypn, mm 110 110 110 110 110 110
Reyl, mm 60 80 110 150 180 p!ane
mirror
Tuning range, GHz 69.5 67.6 67.4 67.8 69.6 71.2
to 79.0 to 78.8 to 78.9 t0 79.0 to 79.2 to 78
Lstanting, min, mA 25 21 21 28 51 55
Ltarting . Mean, mA 33 26 28 35 55 60
Pmean- W 0.64 0.75 0.70 0.58 0.38 0.30
Pomacs W 1.02 1.18 1.1 0.96 0.78 0.65
Tale 4 shows that orotrons with of an octave. Similar devices were built to operate

spherocylind< :ai resonators with Ry, = 80 to
110 mm (resonators 2 and 3) represent a consid-
erable improvement over hemispherical orotrons,
with starting currents reduced by nearly a factor of
3 and power output improved by a factor of 2. The
efficiency of the spherocylindrical orotrons is a
factor of 4 greater than that of corresponding
hemispherical devices. The reason for this increase
is that the use of a cylindrical mirror permits the
contraction of the field spot in the direction trans-
verse to the motion of the electron beam, while the
extent of the field spot along the direction of
electron motion is retained. (We note in passing
that the formulas of sect. 4.1 yield spot sizes that
are too siirall by a factor of about 0.67.)

Spherocylindrical orotrons have been
made in batch quantities in the Soviet Union which
have R, * Rypn = 110: these give output
powers up to | W at 57 to 70 GHz in a magnetic
field of 1.25 k(5 * with an operating current of 150
mA. When the magnetic field is increased to 4 kG,
the output power reaches 6 W, with a tuning range

. .
(Teslay = (Giawssi » ' 4
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in the 2-mm range in a magnetic field of 3.8 kG,
with output power exceeding 2 W with an operating
current of 240 mA at f = 137 GHz.

In order to improve the interaction of
the electron beam with the resonator field at
smaller wavelengths, it is necessary to stretch the
field spot along the reflecting diffraction gratung.
For this purpose, orotrons were designed {52]
which used paired cylindrical mirrors (fig. 14).
Results of a study in the 4-mm range |52] indicate
that an optimum configuration withD,, = 6 mm
andR,; = 80 mmgives an output powerof 2.25
W, with an operating current of 130 mA at 57to 74
GHz. The starting current for this device is 29 mA,,
making this configuration comparable to the
spherocylindrical resonator described earlier.

By using paired spheroidal mirrors in a
scheme similar to that shown in figure 14, a
Russian team [$ 1] created an orotron operating in
the submillimet-r range. The curvature radius of
the lower mirror was R,y = 110 mm. A grating
? mm wide was employed, with ¢ = 0.08 mm.
d = 0.03 mm.andh = 0.19 mm. The electron-
“eam cross section was 3.5 X 0.2 mm-. The

gz ot




CdEIEL

(@) l-———mz—.l

5. OUTPUT COUPLING IN
OROTRONS

PAIRED CYLINDRICAL MIRROR A critical problém in the design of orotrons is

ELECTRON BEAM
—_— -

CYLINDRICAL MIRROR

(b)

PAIRED CYLINDRICAL MIRROR

CYLINDRICAL MIRROR

GRATING

Figure 14, Resonator with paired cylindrical mir-
rors: (a) side view and (b) front view.

curvature radii of the two spheroids forming the
upper mirror were 240 mm along the electron tra-
jectory, and 80 mm in a direction perpendicular to
the electron trajectory. The separation D,, was
10 mm. Power outputs of 60 mW were obtained
with starting currents of 140 mA, in the frequency
range from 275 to 360 GHz, Operating voltages
for these devices were in the 2-kV range.

Toroidal resonators have also been
used in operating orotrons [53], for the reasons
discussed earlier. Maximum power outputs of
300 mW were obtained at accelerating voltages of
2270 V (A = 4.75 mm) and 2980 V (A =
4,325 mm).
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that of determining a practical method of extracting
power from the open resenator. Various schemes
have been devised for this purpose; their utility
depends upon the wavelength of operation of the
device as well as the design of the open resonator.
In this section we examine these schemes.

Consider an open resonator, whose quality
factor is Q, into which energy is deposited at a rate
P. Let the quality factor of the resonator with no
output coupling be Q,, and the correction due to

coupling be Q gy, such that
1 1 1
===+ 50
Q" Q@ Qo 0

Let the total energy stored in the resonator be U. In
equilibrium we have (see sect. 4)

dU _ o _p_ ol
dt_o—P Q , s

so that U = % . The output power is given by

wU
p,=2Y - Qp
% = Qo Qou ¢2)

But according to the theory of bunching (sect. 2),
the power radiated by the electron beam in the
resonator is proportional to the overall resonator
Q. Therefore we have

Q@ _ _ QiQum
Qot (Qo + Qow)’

Output power from the device is at a maximum,
when, in equation (53),

Qout = Qo . (54)

This important relation determines the methods of
output coupling appropriate for a particular res-
onator design and wavelength. Methods of output

Powa (53)




coupling fall into two general classes: (1) wave-
guide coupling and (2) quasi-optic coupling.

The most common method of output coupling
[22, 45, 53] in orotrons is waveguide coupling
through a slot in the smooth mirror of the device.
Figure 15 shows how this coupling is effected. The
polarization of the orotron radiation is such that
the H-field is out of the paper in the figure. The
length of the output coupling slot is approximately
equal to the wavelength of radiation; the width is
much less than the wavelength. For example, in the
experiments discussed in section4 at A = 4 mm,
acoupling slot of dimensions 3.6 X 0.1 mm’was
used. While this output coupling scheme may be
appropriate for this wavelength, the dimensions of
the slot are difficult to control as the wavelength is
fowered, and the output coupling factor Q,y, is
extremely sensitive to these dimensions.

An alternative to the central coupling slot is an
aperture near the periphery of the smooth mirror.
For example, orotrons have been designed and
built [54] in which the coupling aperture of 4 mm
diameter was at the periphery of the smooth mirror
in a hemispherical open resonator. By rotating the
smooth mirror about the resonator axis, it is possible
to vary the degree of coupling in the device. The
cross-sectional area of a coupling aperture near the
mirror periphery can be much larger than that of a
central aperture, and still have the same Q.
Thus this method can be used to obtain more
precisely controllable output coupling in orotrons
operating at wavelengths less than2 mm. Another
alternative® is the use of several small circular
holes at the center of the smooth mirror. Figure 16
illustrates this coupling scheme.

All the above coupling schemes rely on wave-
guides to transmit the energy from the orotron to
the load or detector. This is the most convenient
way to transmit energy in the millimeter wave
range. Waveguides are commercially available
which operate in the fundamental mode between
75 and 300 GHz; however, their cost increases
dramatically as the frequency increases. Beyond

® We are indebied 10 Herb Dropkin of HDL for this suggestion.
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ELECTRON BEAM ——

o .0 0 .0 0.0 . o.no.n.n

MIRROR WITH GRATING

Figure 15. Waveguide coupling: (a) with smooth
mirror and (b) orotron (side view) with
output coupling.

350 GHz, other schemes must be devised wherein
the radiation emitted by the orotron propagates
through free space. We discuss three of these
schemes.

The toroidal resonator, discussed in section 4,
has its energy output coupled into free space
through the large hole in its center. Essentislly, the
diffraction losses in such a device represent the
power output. Radiation escaping through this hole
forms a collimated beam which propagates in a
direction along the axis of symmetry of the resona-
tor. The output coupling factor Qy can be con-
trolled rather precisely by judicious design of the
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Figure 16. Waveguide-holes coupling: (a) smooth
mirror and (b) orotron (side view) with
output coupling.

resonator, but, once fixed, cannot be varied. This
design, however, is very appropriate for small
wavelengths (~1 mm).

Another extremely important output coupling
design replaces the smooth mirror of the resonator
by a semitransparent surface, For example, a strip
grating may be deposited on a converging lens {55,
56], as shown in figure 17. Power outputs up to
2 W have been obtained in orotrons built with this
type of output coupling. The degree of coupling
may be continuously varied by rotating the lens-
grating system about the resonator axis. At a rota-
tion angle of § degrees from the position shown in
figure 17, the output power is a maximum,

L PO PRSP U

(a) LENS

STRIP GRATING

S T R

Ll L Ll L L L TP PPl 22,
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DIRECTION OF ELECTRON FLOW

(b) GRATING -LENS
SYSTEM

ELECTRON BEAM

Ao o o 1. 1M [0 1'1711 [
MIRROR WiTH GRATING

Figure 17. Quasi-optical coupling: (a) partially
transmitting mirror and (b) orotron
(side view).

It has been suggested® that an unstable resona-
tor design might make better use of the active
volume of an orotron and lead to improved output
coupling. However, the success of unstable
resonators in lasers, for example, depends on a
high gain medium. In laser terms, the * gain™ of the
orotron is relatively low; therefore the unstable
resonator idea cannot be used in the same manner

* Colin Willett of HDI. suggested the use of unstable resonators in orotrony
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as in lasers. However, it is possible to design a
resonator system in which the diffraction losses
may be used as output power, and which has a
stable, high-Q cavity. The advantage of this sys-
tem is that the output coupling does not represent
an additional loss; for a fixed-size resonator, the
diffraction losses are unavoidable, and so use of
those losses represents the most efficient use of the
resonator system. Because of these facts, it was
possible [57] to design an orotron operating in the
4-mm range in which the starting currents ranged
from 7 to 13 mA, the lowest starting currents we
have been able to find in the Soviet literature.

In summary, several output coupling schemes
have appeared in the literature, and have been
suggested to the present authors. Each of these
schemes needs to be considered in detail with
regard to

(1) its e’ v .0 the operating parameters of

the <. ,iron,
(2) its a; .\~ uriateness at wavelengths from 1
to 2. .1 and

(3) simplicity of construction.

6. ELECTRON GUNS USED IN
OROTRONS

Although a well-controlled, ribbon-shaped
electron beam (e-beam) is required for the operation
of the orotron, very little information has been
published in the literature on the design of the elec-
tron guns used in these devices. The Japanese
reported only [27] that a convergent electron gun
produced a ribbon-like e-beam 20 X 0.3 mm?,
and a magnetic field of 4 kG was necessary for
proper beam focusing. Their gun was operated
under puised conditions (2 us, 50 Hz) at a beam
voltage of 6 to 20 kV and beam density of 20 to 30
A/cm’. The Russians seem to have used |23, 45,
58] nonconvergent diode guns. Rather than des-
cribe their guns, they too described only the beams
in terms of starting currents and voltages for beams
of given dimensions. Rusin and Bogomolov, for
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example, reported that they first [45) used a diode
gun to produce a 3.5 X 0.5 mm’® ribbon-like
beam which was cut out by means of a diaphragm.
This beam was accelerated by various voltages
between 1.5 and 9.0 kV. Inaddition they observed
that radiation was generated at starting currents of
100 mA; they also reported that they kept the
beam rigid by placing the entire system between
flat pole pieces of an electromagnet, which pro-
duced a uniform field directed along the beam with
induction up to 5.5 kG. Similar results were
reported {23, 58] elsewhere; the thinnest reported
[58] beamwas 0.2 X 5 mm, and it was kept rigid
by a 3.8-kG magnetic field directed along the beam.
In building an orotron, we are guided by this type of
information. To design the gun, however, we shall
follow the methods of Pierce [59] to obtain space-
charge-flow solutions for our system, which re-
quires a thin sheet (ribbon) beam.

6.1 Theoretical Considerations

In this work we consider rectilinear flow
in a planar diode since this seems to be appropriate
for the type of gun that the Russians used. As we
gain more experience in orotron design, we will
consider other types of guns such as temperature-
limited guns, which use cold cathodes, and con-
vergence guns. The electron flow is confined in the
case that we will consider, and we will assume that
the gun operates under space-charge-limited con-
ditions. Space-charge-limited flow is defined |60]
as a flow in which the current drawn from the
cathode is independent of the maximum emission
current from the cathode. It depends only on the
potentials applied to the electrodes of the system
and, hence, on the space charge itself. In addition,
we give here the theoretical results presented by
Pierce [59]. In that work it is assumed that the
electron flow is along parallel paths in the y-
direction with a uniform current density J. Then,
neglecting magnetic effects, we have

@y (55)
dy’ e 27V

where V is the potential, n = e/m (n = 1.759
% 10'"" C/kg, e is the electronic charge, and m is
electron mass), and ¢, is the permittivity of free




space (e, = 8.854 X 107"’ F/m). Taking
V = 0 at the origin, the solution of equation (55)
is

V=Ay" (56)

’

where

3
9)

=|— == . X 103 JIIJ . (57

A [ 460(2")”] 5.69 (57

This solution of equation (55) describes electron
flow in the region between infinite parallel-plane
equipotential surfaces. Also, such flow exists in a
region bounded by planes parallel to the flow with
the space outside this region being free of charge.
In this case, the fields outside the flow are deter-
mined by conditions at the boundary between the
charge-free region and the region occupied by the
flow.

In order to describe a beam of finite thickness,
the potential must satisfy Laplace’s equation in the
charge-free region subject to the boundary
conditions

v _ v

ax dz

and V = f(y) at z = 0, where the edge of the
beam is at z = 0. A solution of Laplace’s equa-
tion for which V = f(y)atz = O is

0 (58)

V = Real A (y + iz)*° (59)
Lettingy = r cos 8 and z = r sin 6, this says
that V is proportional to r** cos 48/3. The shape
of the equipotentials is independent of the absolute
magnitude of the potentials involved and of the
units in which distance is measured. With the
cathode taken at zero potential, Pierce [59]) shows
that the zero potential surface in the charge-free
region is a plane which meets the edge of the
cathode aty = z = 0, making an angle of 67.5
deg with the normal to the cathode (the y-axis); this
is from equation (59).

Figure 18 shows how these results may be
incorporated to produce a parallel flowing beam. If
a sufficiently strong magnetic field is applied along
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Figure 18. Pierce gun design.

the beam (from 1 to 5 kG) Lo keep the beam rigid,
this parallel flowing beam may be guided over the
orotron grating.

6.2 Electron Gu» Design

It has been suggested® that the simple
theory presented in section 6.1 is sufficient to
describe qualitatively the electron flow in orotron
systems such as those described by the Russians
[23, 45, 58]. In an attempt to go beyond the
simplest system, however, we Mave obtained from
W. Herrmannsfeldt of the Stanford Linear Accelera-
tor Center (SLAC) arather sophisticated electron
trajectory computer program [61] for use on the
HDL IBM 370/168 system. In this program, we
can put in the positions of the cathode, anode, and
focussing electrodes, and specify boundary condi-
tions imposed by the various applied voltages and
magnetic fields. The program then calculates
electron trajectories by using fields determined by
differentiating the potential distribution. The
electron trajectory equations are fully relativistic
and account for all possible electric and magnetic
field components.

The electron-trajectory program may be
used in either rectangular or cylindrical coordin-
ates. In cylindrical coordinates the magnetic fields
are axially symmetric, and it is this mode of opera-
tion which is of most interest here. The origin can

® Karp. A, and Miram. G. of Varien Associaws in Palo Alto, CA (privase
communication).




be offset so that the geometry approaches the
rectangular coordinate situation. The SLAC pro-
gram, when used in rectangular coordinates, con-
siders the external magnetic field to be normal to
the beam.

After the input data are read in with the
appropriate geometry and boundary conditions,
the program first solves Laplace’s equation. Next
the electron trajectories are started where the
assumption is made that Child’s law [62] holds
near the cathode. On the first iteration of the
program, space charged forces are calculated from
the assumption of paraxial flow [59]. After all the
electron trajectories have been calculated, the
program begins the second cycle by solving
Poisson’s equation with the space charge from the
first iteration.

The Child's law calculations for the
starting conditions are remade for every iteration.
The perveance (defined as equal to V/I*? where V
is the beam accelerating voltage and I the beam
current) converges in an iterative process in which
the program averages the perveance used for the
previous iteration with the perveance calculated
directly from the solution of Poisson’s equation.

Self-magnetic fields are calculated from
the current in the rays on the present cycle. This
calculation assumes that all the current from the
previous rays lies on the axis of an infinitely long
conductor. If the ray being calculated crosses the
last preceding ray, then the current from that ray is
dropped, provided that the first ray does not
continue to cross the rays. Also, the ray is term-
inated if it dips more than one grid point below the
surface of an electrode.

Figures 19 and 20 are representative
outputs which can be obtained from the electron
trajectory program. Figure 19 gives the electron
trajectories and equipotential surfaces calculated
for the system in rectangular coordinates. Since no
magnetic field is applied, the beam tends to pull
apart, and many of the rays terminate on the lower
metal surface which is at the anode potential.
Figure 20 shows the effect of applying a uniform
magnetic field of 2000 G in the direction along the
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Figure 19. Sample problem for electron trajectory
code (no magnetic field).
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Figure 20. Same problem as Figure 19, with
B, = 2000 G.

beam. The beam no longer pulls apart but would
not be suitable for orotron operation since it does
not flow uniformly. If the potential is changed to
—250 V on the focussing electrode, a uniform
beam that does not pinch together at the anode is
generated. Other changes, such as varying the
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position of the cathode or changing the angle of the
focussing electrodes, can be made. In this manner
one can determine a suitable design for an electron
gun and can plot the behavior of the beam as
various voltages or magnetic fields are applied to
the system.

7. CONCLUDING REMARKS

The fundamental mechanism of the orotron is
well understood; that is, Smith-Purcell radiation
by an electron beam passing over a grating com-
bined with feedback due to the open resonator
gives rise to coherent radiation at a specified wave-
length. The basic theory of Smith-Purcell radiation,
as outlined in section 2, gave the relation between
beam accelerating voltage, grating period, and
emission wavelength. The theory of electron
bunching predicts the condition (i.e., starting beam
current) under which coherent emission can be
obtained.

In addition to predicting the wavelength of
emission, a theory of the Smith-Purcell effect
should also be able to predict optimum values of
the grating groove depth and width. These predic-
tions were discussed in more detail in sections 3
and 4, and recommendations made concerning
Smith-Purcell theory, in section 3.

The theory of electron bunching is presently at
a very cru-le stage. The following improvements
should be made in the theory.

(1) Modification of the resonator mode field
by the diffraction grating should be taken into
account as was discussed in section 3.

(2) All the energy radiated by the electron
beam is not used by the resonator, a large fraction
being lost into free space (i.e., out the sides of the
resonator).

(3) Repulsion of electrons by other electrons
in the beam has not been accounted for. This repul-
sion places an upper limit on the current density of
the beam,

(4) Nonlinearities in the rf field must be taken
into account. This is necessary in order to predict
output powers and efficiencies of orotrons. The
present linear theory can only predict the starting
current.

(5) An estimate must be made of the spectral
purity of the radiation emanating from the orotron.
So far, we have been unable to find anywhere in the
literature a theoretical estimate or an experimental
measurement of this important quantity.

The influence of the grating on the resonator
modes should be calculable in an approximate
manner based on the formalism described in section
3. Of primary interest is the amplitude of the field
distribution near the grating, which determines the
strength of the beam-resonator coupling, It is also
desirable that a computer program be written
exploiting the formulas derived by the Soviets for
Smith-Purcell radiation from comb gratings. In
this manner, we can verify the performance charac-
teristics of the gratings and use this approach to
design gratings required for orotrons that operate
in the 1 to 2 mm wavelength region.

The theoretical formalism developed in section
4.1 is not entirely appropriate for designing orotron
resonators for use in the range 4 mm > A > | mm.
The reason for this is that the conditionw >> X,
on which the theory is based, is not satisfied.
Experimental evidence for this is discussed in
section 4.2, where experimental resonator spot
sizes were found to be larger than those calculated
in section 4.1 by about 1.5. If theoretical predic-
tions are to serve as a guide in designing resonators,
then this deficiency must be remedied. In particular,
the width of the resonator beam in the direction
transverse to the electron beam motion is a critical
parameter; it must be chosen so that the minimum
(at x/w = W%)ofthe TEM,, mode falls exactly on
the edge of the strip grating.

Beam modes in arbitrary resonators may be
computed numerically to any desired degree of
accuracy by the solution of an integral equation.
These computations would avoid the approxima-
tions inherent in the formalism of section 4.1, and
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also would allow computation of diffraction losses
for resonators of any desired shape. Thus, some of
the more complex resonator designs discussed in
section 4.2 would lend themselves to analysis. Any
reasonable orotron development program should
include the facility for performing these computa-
tions. For this reason, we give high priority to the
task of performing numerical mode computations
for arbitrary resonators.

An experimental facility should have radiation
sources available (e.g., klystrons) in the wave-
length ranges in which proposed orotrons are to be
built. Cold testing of resonators should include
measurement of Q-values and crude measure-
ments of field distribution within the resonator.
The level of sophistication need not be near that of
the Soviets, as most of the desired information is
already known.

A variety of resonator designs should be con-
sidered 1n coustructing orotrons for the NMMW
range. In section 4 some possibilities were outlined;
however, th. 1::mber of potential candidates is
limitless. Cice of efficient configurations for a
particular application is an art as well as a science;
the task is facilitated, however, by proper theoret-
ical guidance. Nevertheless, one should not be pre-
vented from using a trial-and-error approach in
testing out new ideas since the cost of resonator
mirrors is not severe,

In section 5, several output coupling schemes
for orotrons were discussed; further work is needed
in this area. In addition, in section 6 it was pointed
out that in order to build an orotron, a thin strip
beam has to be formed, launched, accelerated,
focussed, and collected. Since all this has to be
integrated with the slow wave structure (i.e., the

grating and cavity), the task seems somewhat diffi-
cult. A few attempts have been made in the U.S. to
use strip beams in traveling wave tubes and back-
ward wave oscillators. However, because the e-
beams used in these devices were unstable, these
projects were abandoned. Since the Russians have
been successful in building efficient orotrons which
use strip beams, we explored the problems with W,
Herrmannsfeldt of SLAC and personnel of Varian
Associates, Northrop, Litton, and Raytheon. It
was concluded that we should be able to repeat the
Russian work since the beam requirements are not
as stringent as for certain other devices, such as the
traveling wave tube worked on earlier by Varian.

The behavior requirements for the gun will be
worked out at HDL. The SLAC program, run on
the HDL computer, can be used to determine the
sensitivity of the beam to positions of the elec-
trodes, to voltages applied to the necessary elec-
trodes, and to the shape and strength of the applied
magnetic field. Outside contractors have offered to
provide technical information and assistance to
assure that the proper materials are selected. For
example, magnetic material cannot be used in the
gun since it is to be immersed in the magnetic field.
Materials that have the correct thermal properties
will have to be chosen so that the mechanical
positions of the electrodes remain intact as the gun
heats up. Proper insulation and appropriate con-
nectors must be selected, and many of these detaiils
are well known to skilled e-beam gun manufacturers.
Industrial contractors, such as those mentioned
above, can provide their expertise in determining
suitable cathodes for the gun which can produce

required current densities (S A/cm’) and vet have -

relatively long operating lifetimes (up to 5000
hours).
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