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Cold Tests and Modeling of Low} Quasi-Optical
Resonators

Richard P. FischeMember, IEEEand Arne W. Fliflet Member, IEEE

Abstract—Measurements are reported on low&§ open res- requires a lowg) input resonator to prevent oscillations when
onators at 85 GHz with a large centered coupling hole in each the electron beam is present. An open resonator with small
mirror. This is the first study of open resonators with large diffrac- — rrors and large diffraction losses will provide the required
tion losses and efficient input coupling at millimeter wavelengths. . . -

The input resonator for a quasi-optical gyroklystron is described @ factor. Large coupling .h0|es are .requ'red to efficiently
with quality factor @ = 2000 and 13% round-trip losses where couple power from the drive source into the resonator. The
approximately 65% of the incident power in the waveguide is theoretical effect of coupling apertures on the mode structure
coupled to the fundamental TEM,, mode. Two models have and losses of confocal open resonators has been presented [7],
been developed to calculate the coupling from the rectangular [8]. However, little experimental or theoretical work on la-

waveguide through a circular aperture into the open resonator. t has b ted at millimet | th
Both models properly account for the increased diffraction loss open resonators has been reported at milimeter wavelengtns.

of the resonator when coupling apertures are present. Measured ~ 1his paper first discusses the diffraction and aperture losses
results are in reasonably good agreement with values calculated of low-( quasi-optical resonators using computer calculations

using both scalar diffraction theory and an equivalent-circuit pased on scalar diffraction theory. Section Ill describes a model

model. of coupling from a rectangular waveguide to the quasi-optical
Index Terms—Cold tests, coupling holes, diffraction theory, resonator which is based on the diffraction theory results. Here,
Fabry—Perot resonators, millimeter-wave resonators(? factor. it is shown that even small coupling holes cause increased

diffraction at the mirror edge, which alters the fundamental
behavior of coupling to a quasi-optical resonator from that of
the more familiar closed cavity. Transmission measurements
T HE quasi-optical gyrotron (QOG) is under developmengre performed on large circular apertures in rectangular wave-
as a high-power source of millimeter-wave radiation. Thg,ige at 85.5 GHz to help model the coupling to the resonator.
output resonator of this device is formed by a pair of sphek second model is then described, where an equivalent circuit
ical mirrors separated by many radiation wavelengths, where {8§,sed to derive a closed-form expression for the extepnaf
round-trip diffraction losses are small (1%—-3%). A recent quashie resonator based on the effective aperture reactance of the
optical gyroklystron experiment successfully used an open re¢grge coupling hole. In Section IV, some qualitative cold-test
onator with a low quality factor@®) to prebunch the electron jeasurements are presented and compared to the coupling
beam, which allowed the device to operate as an oscillator, afhavior of a closed cavity. A specific quasi-optical resonator
plifier, mode-locked oscillator, and phase-locked oscillator [1}s then considered where reflection, transmission, and mode
[2]. The input resonator is designed with relativelysmallmirror|§attem measurements are performed and the input coupling
and large coupling holes so that the round-trip losses are lajg€yptimized. Transmission and reflection measurements of

(13%) while providing efficient coupling from the waveguidgne resonator are in relatively good agreement with values
to the fundamental Gaussian mode. The behavior of these regrulated using the two coupling models.

onators is much different than the more familiar low-loss high-
Fabry—Perot resonators.

Open resonators operating at millimeter wavelengths have
been studied for many years for applications such as dielectricThe ¢ of a Fabry—Perot-type resonator can be written-
characterization, filters, diplexers, and power combiners [3i7L/Afz, whereL is the separation between the mirroksis
[4]. Power is typically coupled into the resonator through smdlte free-space wavelength, afidis the fractional roundtrip loss
holes, slots, meshes, or dielectric launchers. Most applicatig¥ghe radiation in the resonator. In practice, this loss factor in-
require a large) factor where the diffraction and couplingcludes diffraction losses, coupling hole losses, and ohmic losses.
losses are small [5]. An extensive series of cold tests is reporfe@f the low€ input resonator, ohmic losses are small and can be
in [6] for high-Q quasi-optical resonators with small couplingieglected. The diffraction/coupling is calculated with a com-
holes, where good agreement is obtained between measutétgr code, which is based on the scalar formulation of Huy-

and calculated factors. The quasi-optical gyroklystrongens’s principlé. The integral equations of the open resonator
are solved as a matrix eigenvalue problem, yielding the eigen-

functions. Outputs from the code include the diffraction/cou-
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Fig. 1. Calculated variation @ factor with coupling hole radius. Fig. 2. Calculated coupling parameters as a function of coupling hole radius.

The calculated effect of a large coupling hole on a relativerg_"';‘t(_)r with (V_ViFhOUt) coupling holes. The reflection gnd trans-
low-( open resonator is shown in Fig. 1. The resonator is sy lission coefficients of the resonator may now be written
metric with 3.1-cm-diameter mirrors, 20-cm radius of curvature, 1= B+ Ba+B\2

and 7-cm separation. As the coupling hole radius is increased to R= <m>
1 mm, the@ factor of the fundamentalEM,, mode decreases 41/3 3 2 8
from 6600 to 2100. However, the pattern is still approximately T= L2 5 (4)
Gaussian and the losses are less than those of competing modes. (L+ Sy + B2 + B5)

The next higher radial mode, tH&M o, has a null on axis and The loaded? of the resonator is given &3, = Qo/(1+ 1+

is largely unaffected by the coupling hole. If the hole radius ig, + 3,). (Note that an alternative method of describing the open
increased beyond 1 mm, the coupling loss of the fundamengakonator is to allow the unloadérfactor to vary with coupling
transverse mode approaches the diffraction loss and the megg size. This technique eliminates the need#pand yields
becomes distorted. Under these conditions, a field minimum agquivalent results for reflection and transmission using (1) and
curs at the center of the mirror and the mode pattern beging$y. However, this notation is not physically intuitive sinGg

®3)

resemble th&'EM;, [7]. now varies with@..)
Consider a quasi-optical resonator similar to that in Fig. 1,
A. Diffraction Theory Model of Resonator Coupling except the output coupling hole is fixed at 1.8-mm diameter.

Consider a conventional closed cavity with input and outpft9- 2 shows the calculated effect g and 33 of increasing

coefficient at port 1 can be written The input a_nd output coupling hole radii are denoted,aand
az, respectively. Forn; = 0 mm, there is no hole loss through
_3 35\ 2 aperture 1, buBs = 0.4 due to the increased diffraction caused
1— 01+ B ; ; L
= 155+ (1) by the output hole. As the input hole diameter is increased, there

is a increase irds, which is comparable to the loss through

The coupling parametek = Qo /Q.;, whereQ.; is the external aperture 1. This effect has been noted by a number of researchers
(or coupling)Q of aperture. The transmission coefficient from @nd demonstrates why the maximum coupling efficiency from

ports 1 to 2 is [11] a centered hole is approximately 50% [9], [10]. The increase in
diffraction loss can be approximated/@s~ 3, + 3=, provided
43,3, that the input hole diameter is not too large.
= m @ It is instructive to compare the coupling behavior of a closed

cavity to that of a quasi-optical resonator. The reflection, trans-

To model the coupling to a quasi-optical resonator we astission, and cavity power are plotted in Fig. 3(a) as a func-
sume that only thél'EMy, mode is excited in the resonatortion of 3; for a closed cavity. The output coupling parameter
A more complete model would include the effects of highdor this example is fixed afl, = 0.01 (32 < 31). As ex-
order modes in the waveguide and resonator, as well as radiap@cted, the power coupled to the cavity is maximum near critical
scattered into free space. For small coupling holes, the transupling (3; = 1), where the reflected power falls to zero. A
verse mode pattern is approximately Gaussian and is largetych different result is obtained for the quasi-optical resonator
unaffected by the aperture. However, even small holes pertumb=ig. 3(b). The output coupling parameter is again held con-
the mode pattern so that diffraction losses at the edge of #tant at3, = 0.01, and it is assumed tha@s = 3; + 2. The
mirror increase. This increased diffraction can be convenientigflected power is now monotonically decreasing vdthwhile
accounted for by introducing a third coupling parameltgr= the power coupled to the resonator mode continues to increase.
(fa— fa0)/ fao- Here, f4 (f40) is the diffraction loss of the res- This is quite different from the closed cavity result and makes
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through the aperture should include the effects of finite wall
thickness and the cutoff property of the hole. For a frequency of
85.5 GHz, theél'E; ;° circular waveguide mode will propagate
for a hole diameter of 2.06 mm. Analytic formulas can be
used to describe the transmission through a small aperture in a
transverse wall in the waveguide. However, the approximations
involved are not valid for large coupling holes (hole diameter
> narrow wall of waveguide), thus, new measurements are
required. Measured results are shown in Fig. 4 for the trans-
mission of 85.5-GHz radiation through a circular aperture in
a transverse wall of thickness 0.43 mm. The solid curve is
the analytic small-aperture theory of [12], which includes the
effect of the wall thickness and the large aperture. Note that
the dimensions of standard’-band waveguide are 2.5%
1.27 mnf.

One of the goals of this section is to modify the results of
the diffraction theory code using the aperture transmission mea-
surements to obtain new values 8¢, 52, and3;. Reducing
the transmission through the input and output coupling holes
will proportionately decrease the coupling paramef@rsand
S3>. In this paper, we assume that reducing the aperture losses
results in a corresponding decreasedin This assumption is
justified from a physical standpoint since the resonator fields re-
spond to perturbations by attempting to minimize the roundtrip
losses. Thus, decreased aperture losses at the center of the mir-
rors should result in decreased diffraction losses at the mirror

Fig. 3. Reflection, transmission, and coupled power for: (a) a closed cavﬁ')sjge'

and (b) an open resonator.
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As an example, consider the quasi-optical resonator used in
the calculation of Fig. 2, where both the input and output cou-
pling holes are 1.8 mm in diameter. The diffraction theory code
result ispg; = B = 0.433 andf; = 0.784, assuming that
all radiation incident on the aperture is transmitted through the
mirror. From Fig. 4, the measured transmission for a 1.8-mm di-
ameter hole is-2.7 dB. The modified coupling parameters are
now 3, = B35 = 0.233 and 3, = 0.422, where the prime in-
dicates that the effect of the small aperture has been included.
Using (3) and (4), the reflected power on resonance is calcu-
lated ask = 0.57, while the transmission through the far cou-
pling hole isT = 6% (—12.2 dB). The remaining power (0.37)
is coupled to the mode of interest in the resonator, where the
loaded( factor is nowr, /o = 0.53.

The largest source of error in the diffraction theory model
concerns the aperture transmission calculation. In this simpli-
fied model, it is assumed tha&{ andj} vary according to the

Fig. 4. Measured and calculated transmission through a circular aperturép€rture transmission measurements performed in rectangular
the endwall of a rectanguld¥”-band waveguide.

waveguide. In the experiment, the aperture is terminated by the
resonator, thus, the true transmission values may be somewhat

measurements of quasi-optical resonators more difficult to iflifferent.

terpret. Under these conditions, the resonator does not show the o )

critical coupling or overcoupling behavior that is common i+ Equivalent-Circuit Model of Resonator Coupling

closed cavities. If the input hole diameter continues to increaseThe equivalent-circuit model used in this paper is related to

suchthaf?; > 1, the diffraction loss will tend to increase fastethe theory of Mongia and Arora [5], where the modified form

than the coupling losg% > 31 + f2). In this regime, radiation of Bethe’s small aperture coupling theory was used to construct

scattered from the resonator is increasingly important and tthe equivalent circuit. The incidefitE;o mode in the rectan-

assumptions of this simple model are not valid.
The diffraction theory code, which calculates the resonatoular aperture. This magnetic dipole then excites T8y

losses, assumes that all radiation incident upon the apertarede in the quasi-optical resonator. In this paper, the coupling

is lost from the resonator [8]. A realistic model of couplindioles are large and Bethe's small aperture theory is not valid.

gular waveguide excites a tangential magnetic dipole at the cir-
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Instead, we use measured aperture transmission values in rect @
angular waveguide to calculate an effective complex impedance Short

of the coupling hole. The input and output coupling coefficients

are then computed, which yield the reflection and transmissiéig. 6. Schematic diagram of the cold-test setup.
through the open resonator.

(Consider first the calculated exterri@lof an open resonator o .pnique used in this section is to calculate an effective aper-
with a coupling hole [5] ture reactanc& based on the transmission measurements in
[+ (ab/2k100im)?] 2kiow?(L/2) Fig. 4. As an example, the transmission through a 1.8-mm-di-
e = dhAZw? . (5) ameter aperture |W—bar_1d wavegu!de at85.5 GHz is measured
1o as—2.7 dB. The normalized effective reactance of this aperture
Here,a x b are the rectangular waveguide dimensidng, = is calculated axX = 0.54 from (12). For the resonator under
V/(2r /)2 — (r/a)? is the propagation constant in the wavestudy, the calculated waist is, = 0.92 cm with a mirror spot
guide,«,,, is the magnetic polarizability of the aperture, is  Sizew(L/2) = 1.01 cm. The effective aperture reactance may
the radiation waist at the center of the resonatdt, /2) is the then be substituted into (11), resulting in a calculated extépnal
spot size at the mirror, and? = 4/L7w? is a normalization factor@. = 20000. The unloaded) of the resonator is approx-
constant. The equations describing the fundamental Gaussiaately 6000 when diffraction and ohmic losses are considered,
mode in the open resonator with mirror curvat@&and mirror yielding an input coupling coefficient; = Q¢/Q. = 0.3. If

separation. are the resonator is symmetrig; = > and the increased diffrac-
tion can be scaled &% ~ 0.54. From (3) and (4), the resonator
wl = A L(2R — L) (6) transmission and reflection are calculated/as= —12.2 dB
y 72r 5 9 and R = 0.52. These values are in relatively good agreement
w(z) =wp(1+27/25) (7)  with those calculated in the previous section using the diffrac-
20 = mws /. (8) tiontheory model. In Section IIl, experimental measurements of

_ _ _ resonator transmission and reflection will be compared to cal-
For small apertures (hole radius < b) in a zero-thickness cylations from the two coupling models.

wall, the magnetic polarizability is written

Oy = 47,8/3' 9) Ill. CoLD-TEST MEASUREMENTS

A schematic diagram of the cold-test apparatus is shown in
An aperture in the transverse wall of a rectangular waveguiggy. 6, where most elements are standard WR10 waveguide
can be modeled with the equivalent circuit shown in Fig. Somponents. Three sources are used in the cold tests: a 94-GHz
whereZ,, andZy, are the normalized impedances of the waveMpATT, a 75-110-GHz backward-wave oscillator (BWO), and
guide and load, respectively. The normalized reactance of #€85-GHz extended interaction oscillator (E10). The frequency
aperture is given as sweep of the RF source is calibrated using the ligimterfer-
ometer (2 = 70000). The prebunching resonator has centered
coupling holes for reflection and transmission measurements.
‘A short-circuited section of waveguide is used as a 100% ref-
erence reflection, with several attenuators to reduce the voltage
standing-wave ratio (VSWR) in the line. The diffraction pattern

X = 8/6‘107’8/3@(). (10)

The relations given above may be used to rewrite the extéyna
of the open resonator as

[1 n Y—2:| Uerow?(L/2) around the edge of the input resonator mirror is measured using
Q. = L (11) @ WR10 waveguide pickup.
' abATw3 Cold tests of quasi-optical resonators (I6vresonators in

articular) are more difficult to interpret than closed cavities
ecause there are more loss mechanisms(Xtithe unloaded
resonator is dominated by diffraction of tHEEM,, mode
e around the mirrors. The power reflected from the resonator off
= m . resonance is not necessarily 100%, which contrasts with the
closed-cavity result. There is also the possibility that radiation
In this paper, where we couple to lo@-quasi-optical res- at the resonant frequency, which is transmitted past the input
onators, the coupling holes are large:( > 0) and the wall aperture, is nonresonantly scattered out of the resonator. It has
thickness is finite so that the above relations are not valid. Theen shown in the previous section that the diffraction loss

The power transmitted to the load in the circuit in Fig. 5 is caB—
culated as
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The oscilloscope traces in Fig. 7 are quite similar to the the-
oretical calculations presented in [13]. In that study, analytical
expressions for the resonator fields were used to calculate the
reflection from a waveguide coupled to a highguasi-optical
resonator as the input aperture was varied. The calculated input
admittance depends upon three contributions: the input aperture,
the resonant mode, and the power radiated into free space. For
small holes, the reflection coefficient is dominated by the effects
of the aperture and resonant mode. The calculated reflection is
similar to Fig. 7(b), where there is a dip in the reflected signal at
the resonant frequency. For large coupling holes, the admittance
of the aperture is small, so that the reflection depends upon the
resonant mode and free-space radiation. Here, the reflection is
peaked at resonance and is small off resonance [as in Fig. 7(d)].
Intermediate-sized holes result in asymmetric waveforms of the
shape in Fig. 7(c), where all three effects are important. Hence,
there are many qualitative similarities between the calculations
of high-Q resonator reflections and the present measurements
on low-} resonators.

It is instructive to examine the resonator of Fig. 7(d) more
Fig. 7. (a)-(d) Reflection measurements from a wapen resonator for clqsgly and compare the measqred and calculated reflectiqn co-
coupling hole diameters of 0.91, 1.32, 1.60, and 1.85 mm, respectively. TBEICIENtS. For a mirror separation of 3.7 cm and no coupling
horizontal scale is 50@sec/div, the vertical scale is 5@0//div. holes, the diffraction losses are calculated as 0.2% from the

code (a low-loss resonator). The ohndicis given byQqa =
is dependent upon the aperture losses. This implies that itlj&2+/ fruoo, wherepug is the permeability of free spacé,is
difficult to vary only one resonator parameter at a time duririge mirror separation, and the conductivity of aluminura is
cold tests. 4.2 x 107 S/m. The resulting ohmic loss is 0.2%, thus, the total

Four representative oscilloscope traces of reflection signaindtrip loss of the resonator without coupling holes is 0.4%.
from a low<Q open resonator are shown in Fig. 7, where th&hen input and output coupling holes (1.85- and 0.66-mm di-
mirror diameter is 3.15 cm, the separation is 3.7 cm, the mirrameter) are considered, the diffraction theory code resultis 3.1%
radius of curvature is 20.3 cm, and the frequency is 95 GHdiffraction loss, 3.0% hole loss, ang = 2447. The corre-

The top trace in each oscillograph is the 100% reference refléponding coupling parameters gde = 6.6 and3; = 6.7,

tion from the short circuit, while the lower signal is the reflecwhereg, is small and can be neglected (due to the small output
tion from the input resonator. For a hole diameter of 0.91 mrhple). The calculated reflection on resonance from (3} is-

the input coupling is small, and there is no observed changeliss%, which is much less than the measured value of approxi-
the reflected signal due to the resonator. The characteristic regtely 100%. This discrepancy can be attributed to the simpli-
onant dip in the reflected signal appears for a hole diameterfisfd coupling model, which does not consider power radiated
1.32 mm. Note that the reflection off resonance remains at 1008t0 free space. It was shown in [13] that radiation into free
for this aperture. As the input hole diameter is increased fuspace plays an important role in the reflection from a high-
ther, a large asymmetry appears in the reflected signal. Thigésonator with a large coupling hole. Thus, the simplified cou-
due to interference effects caused by the phase shift in the rei#ag model is not useful in predicting the behavior of quasi-op-
onator. The reflection off resonance is much less than the 100@&l resonators, which are highly overcoupled,(8s >> 1).
value observed for smaller hole sizes. For a hole diametertdwever, it will be shown that the model is useful in describing
1.85 mm, the resonator is overcoupled and approximately 100b¢ excitation of low) resonators with moderate coupling.

of the power is reflected on resonance. Little power is reflectedThe prebunching resonator mirrors used in the gyroklystron
off resonance, which indicates that radiation is scattered nonregperiment initially have a 0.8-mm-diameter input coupling
onantly past the mirrors. hole, a 1.78-mm output hole, 0.43-mm coupling wall thickness,

One of the main conclusions from the data in Fig. 7 is th&15-cm diameter, 20.3-cm radius of curvature, and 7-cm
a large fraction of the incident power can be coupled to theirror separation. Lossy Macor rings are used to absorb
TEMq9 mode. From oscillograph [see Fig. 7(b)], approximatel@5-GHz radiation which is diffracted around the mirrors. The
62% of the power is reflected on resonance with 100% refleeflection and transmission from the resonator are measured,
tion off resonance. It is reasonable to expect that most of tthe input coupling hole diameter is increased, and the procedure
remaining 38% of the incident power is coupled to the mods repeated. Results of the measurements are shown in Fig. 8,
of interest in the resonator. As the hole diameter is increasetiere the solid points correspond to measured values, the solid
further, it is likely that the input coupling will continue to in- curve is the equivalent circuit model, and the dashed curve is
crease. A direct measurement of the strength of the field in ttiee diffraction theory model. For input holes below 1 mm in
prebunching resonator is performed in the next series of calthmeter, essentially all of the power is reflected and only a
tests. small transmitted resonance is observed. As the input aperture
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0 Fig. 9. Measured radial scans of the diffraction from the open resonator.
dia=3.15¢cm
L=7cm
-10 | | R=20.3cm ° i . .
f=85.5 GHz there is more power coupled to the desitBdM, mode than
g the models predict. This is somewhat surprising since one would
s 200 expect that including higher order modes and scattered radiation
é measured «® * in the models would adversely affect the coupling. For an input
& 30| hole of 1.85-mm diameter, the transmission has a well-defined
=
= peak and decreases for larger holes. This effectis not observed in
40l equivalent circuit ] the models, and may be related to the cutoff property of the aper-
ture in the experiment. The optimum hole diameter of 1.85 mm
5 ¢ diffraction theory ‘ is close to the cutoff diameter of 2.06 mm for 85.5-GHz radia-
06 08 10 12 14 16 18 20 22 tion in theTE, :° mode in the circular aperture.
Input Hole Diameter (mm) A section of WR10 waveguide (without the flange) is used

to measure the diffraction pattern of th#&M,, mode past the
mirror edge. The measurements are performed for the resonator
"d&scribed above with optimized input coupling. Also shown in
Fig. 9 is the radiation pattern past the mirror edge when the fre-
guency of the RF source is shifted off resonance by a small
is increased, the transmitted signal increases monotonicallyiount. The position 0.0 cm denotes the edge of the mirror
by 17 dB. The transmitted resonance is symmetric in shaged the waveguide pick-up is translated in the vertical direc-
as the frequency is swept, and there is very little backgroutidn in the plane perpendicular to the axis of the resonator. The
radiation detected off resonance. This indicates that the sigmatM,, mode has a large peak at the mirror edge and a series of
from the far coupling hole is due to tHEEMoo mode with sidelobes. The first minima is approximately 23 dB down from
little contribution from nonresonant radiation. The maximurthe intensity at the edge of the mirror, and is followed by side-
transmitted signal occurs for a coupling hole diameter tdbes of approximately-10 dB. However, the nonresonant scan
1.85 mm, resulting in a reflectioR = 0.36 and a transmission shows none of the structure associated with the fundamental
T = —9.3 dB. Increasing the size of the coupling hole pashode. The radial scans confirm that most of the incident power
this point decreases the reflection, but also decreases the powebupled to the mode of interest and is not scattered from the
coupled to thel'EMqy mode. This result is quite different fromresonator.

the closed-cavity case, and indicates that power is transmittedCalculations are performed to compare electric-field profiles
past the input aperture, but is not coupled to the mode @&nerated by the scalar diffraction theory code to the measured

(b)

Fig. 8. (a) Reflected and (b) transmitted signals to the open resonator ve
input hole diameter.

interest in the resonator. intensity pattern in Fig. 9. However, the computer code cannot
At the optimum coupling point, the equivalent circuit modesimultaneously compute the fields in both the aperture and re-
predictsk = 0.42 and7" = —10.7 dB, which are close to the gion outside the mirror edge. Hence, the present comparison

measured values given above. The equivalent-circuit model igsrgualitative rather than quantitative, where the calculated pat-
better agreement with the measured data, which may be dugetioms are computed without the centered coupling hole. Two rep-
approximations in the diffraction theory model. Scalar diffracesentative radiation patterns are plotted in Fig. 10 for mirror
tion theory calculates the coupling coefficiefts 3., and3s diameters of 3.16 and 2.852 cm, which correspond to roundtrip
very accurately, but the attenuation values through the couplidifraction losses of 4.0% and 11.9%, respectively. Asinthe pre-
holes are approximate. From Fig. 8, the measured reflectiorvieus figure, the position 0.0 cm corresponds to the mirror edge.
consistently less than the calculated values, whereas the ntdawever, the fields are calculated along a surface with the same
sured transmission is greater than the theory. This indicates tbatvature as the mirror. = 20.3 cm). The radial scale for
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15 T T - T T to calculate the extern&} due to the coupling holes. Since the
dia = 2.852 cm . . . .
20k ¢-855GHz | ] coupling holes are large gnd Fhe wall thickness is appremabl_e,
Rec = 20.3 ¢cm the small aperture approximations of Bethe are not valid for this
25 E Y L=7cm ] paper. Instead, the transmission measurements in the waveguide
g sof ] are used to define an effective reactance of the aperture, which
> is then substituted into the model. Calculated results from the
T S Y Ve ] two models are in relatively good agreement with reflection
ﬁ and transmission measurements on the quasi-optical resonator.
“40¢ ] It is interesting that the measured transmission is typically
45L& E 1.5 dB greater than the theory, which indicates that losses
dia = 3.16 cm I . . .
not considered in the model (such as scattering and coupling
_50 1 L 1 1 1 H H H H H
o oS 1o e 20 v 30 to higher order_modes) are not |r_np0r_tant in this regime. The
Radius (om) general properties of these quasi-optical resonators are much

different from closed cavities because the diffraction losses
depend upon the coupling apertures and there are more loss

Fig. 10. Calculated diffraction patterns of the resonator for two values g .
mechanisms.

mirror diameter.

the measured and calculated intensity profiles is approximately
equal when the mirror curvature is much larger than the distance
from the mirror edge. The intensity in Fig. 10 is referenced to

the peak intensity at the center of the mirror. Typical calculated The authors wish to thank Dr. S. H. Gold, Naval Research
sidelobe levels are 13-18 dB down from the peak at the edgaboratory, Washington, DC, Dr. T. A. Hargreaves, Litton Elec-
of the mirror, and vary with the size of the mirrors. There aron Devices, San Carlos, CA, and Dr. W. M. Manheimer, Naval
a number of similarities between the measured and calculateesearch Laboratory, Washington, DC, for their valuable dis-
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patterns, although it must be emphasized that the calculati@ussions and suggestions.

do not consider the effect of the (large) coupling holes. It should
also be noted that the diffraction theory is based on two-dimen-
sional calculations, whereas the diffraction pattern from the real
resonator is inherently three dimensional.

(1]

[2]
IV. CONCLUSIONS

A low-(} open resonator has been successfully designed ang’]
tested as the input resonator in a quasi-optical gyroklystron ex-
periment at 85 GHz. The fundamenf&M,, mode isthe dom- 4]
inant mode for large coupling holes provided that the coupling
losses are somewhat less than the diffraction losses. Cold-tests]
measurements indicate a loadgd= 2000 with approximately
65% of the incident power coupled to the fundamental trans-g
verse mode. The roundtrip losses are 13%, where coupling hole
losses account for 3.8%. This is the first study of open resonators
with large diffraction losses and efficient input coupling. 17l

Two approaches have been used to model the coupling from
the rectangular waveguide through the circular aperture into thd®l
low-2 open resonator. The first is based on scalar diffraction
theory, where a computer code is used to calculate the diffrac{]
tion and coupling losses of the resonator. It has been shown
that introducing coupling hole loss increases the diffractiorhO]
loss at the edge of the mirrors. This effect has been included
in both models, and results in markedly different coupling

. . i 11]
behavior compared to conventional closed cavities. AperturE
transmission measurements are performedVirband wave- [12]
guide at 85.5 GHz to approximate the transmission through
the circular coupling holes in the mirror. The second techniquéB]
uses an equivalent-circuit model of the resonator and aperture
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