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Nondestructive Gyrotron Cold-Cavity
Q Measurements

PAUL P. WOSKOBOINIKOW, MEMBER, IEEE, AND WILLIAM J. MULLIGAN

Abstract —A novel method for cold testing a gyrotron resonator to

determine its total Q is presented. Probing r@iation is coupled into the

resonator through its radiation pattern. A sensitive heterodyne receiver is

nsed in the far field to deteet the reradiated cavity resonances. Good

agreement between measurement and catcufated totat Q is found for

sevemf 140-GHz gyrotross resonators in the TEml, TEm2, TEml, and

TE611 modes.

I. INTRODUCTION

T HE DEVELOPMENT of gyrotron millimeter-wave

sources is currently a very active field. The trend is

toward higher power levels (over 1 MW) and higher fre-

quencies (into the submillimeter-wavelength range). This

in turn requires operation on increasingly higher order

resonator modes to keep the resonator dimensions practi-

cal. For example, recent 140-GHz, > 100-kW gyrotron

experiments have operated in the cylindrical TE031 [1] and

TE611 [2] modes. A 1-MW, 120-GHz experiment will oper-

ate in TE~ ~;l modes with m >>1 and p =1 or 2 [3]. The
resonators of these and most gyrotrons are simple, straight

cylinders with tapers at either end [4].

The resonator Q factor determines the gyrotron operat-

ing characteristics. High-power ( >100 kW) gyrotrons, in-

tended for electron cyclotron heating of fusion plasmas,

require low Q‘s ( <1500) to minimize resonator wall load-

ing. Moderate-power gyrotrons ( <10 kW), for applica-

tions such as plasma diagnostics [5], require high Q‘s

( > 5000) to optimize lower power efficiency and for nar-

row-linewidth, stable-frequency operation. It is important

to achieve the design Q of the resonator in order to realize

the design performance of a gyrotron.

At the high frequencies of current interest, the toler-

ances for fabrication of gyrotron resonators are very small.

Small cavity imperfections not apparent from visible in-

spection can result in resonator Q‘s very different from

design. For example, one resonator described in this paper

was designed for a diffractive Q of 7000 in the TEO~l mode

at 137 GHz, but measurements showed it to be approxi-
mately 40000.

In this paper, we describe a simple, nondestructive

method for experimentally measuring the resonator Q fac-

tor. It is based on a variation of the standard transmission

resonance technique [6]. Drilling m@iple holes into the

cavity, as used in past application of this technique [4], is
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Fig. 1. Cross section of cylindrical gyrotron resonator

not required. Instead, we make use of the resonator radia-

tion pattern for coupling in and detecting the probing

radiation. The advantages of this method are that any

resonator mode can be studied with the same experimental

setup (no mode converters are required), the resonator is

not damaged in any way, and any resonator configuration,

including quasi-optical resonators [7], can be studied.

II. GYROTRON RESONATORS

The gyrotron resonators tested here were all of the open

cylindrical design originally described by Vlasov [8]. Fig. 1

illustrates this type of resonator. A straight cylindrical

section with a diameter near cutoff for the desired mode

has a conical down taper on one end and an up taper on

the other side. The down taper is extended far enough to

ensure complete cutoff of the resonator mode. The up

taper couples out the millimeter-wave power. Such a reso-

nator is simple and allows a high-power electron beam to

be transmitted through it.

The resonator Q is primarily determined by the length

of the straight section and the angle of the tapers. Small

mechanical imperfections can significantly alter the design

Q. For example, a slight barrel shape to the straight

section or steps at the taper transitions can increase the Q,

while a slightly up-tapered straight section would lower the

Q. It is also important to note that for modes well below

cutoff this resonator is just an overmoded irregular wave-

guide readily passing a millimeter-wave beam.

The Q measurement technique described here is not

limited to this gyrotron resonator design. This type of

resonator was studied because currently it is the most

commonly used in gyrotrons and several such resonators

were available for testing. However, this technique could

be applied to more complex cavities which have a stepped

straight section, slots, or coaxial conductor since this tech-

nique is independent of the internal structure of the reso-

nator. Quasi-optical Fabry-Perot-type resonators being
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TABLE I
DIMENSIONS OF TSSTED GYROTRON RESONATORS

CAVITY

(De.i* ~)

ELECIROF02M2D

(1500)

ELEcc20mBmD

(400), T26,,

ELECT20F02141D

(7000)

PL4cmm

(9000)

FACH1U2D

(6000)

ELECTROFOBM2D

SILVER PLATED
(7000)

% %(Aa) (iwh:o)

0.274 0.505 o.s~ 4.

0.197 0.252 0.5” 4.

0.279 1.130 lo z+

0.279 1 .24s 1. 2-

0,219 1.063 1. z,

0.279 1.130 1. 2.

developed for high-frequency operation could also be

studied.

Six different gyrotron resonators with design diffractive

Q‘s ranging from 400 to 9000 were tested. Some of these

resonators were assembled from three machined copper

parts (down taper, straight section, and up taper) and

others were electroformed as a single piece. Table I lists

the parameters identified in Fig. 1 of the resonators tested.

All except one were designed for operation in the TE031

mode at about 140 GHz, the exception being the TE611

whispering-gallery-mode resonator.

III. Q FACTOR

The resonator Q factor measured here is the total or

loaded Q as determined by the ratio of the measured

resonance linewidth at half maximum to the absolute

resonance frequency. It is related to the diffractive ad

OhmiC Q by

QT=(Q;’+ Qil)-l. (1)

The diffractive Q, Q~, describes the balance between the

energy stored in the cavity, Es, and the output coupled

power P. It can be defined as QD = UE$/PO. Previous

analyses [8], [9] of cylindrical gyrotron cavities have shown

that

[14TLZ

‘D= (1- R,R,) ~
(2)

where RI and R z are the reflectivities at the ends of the

cavity (the down taper end reflectivity RI is generally

equal to one) mid L is the axial length of the stored field.

A computer code [10] which simulates the field in the

cavity was used to calculate the diffractive Q‘s of the

resonators tested.

The ohmic Q, Qa, describes the balance between the

energy stored in the cavity and the power coupled to the

resonator walls. It is given by

(3)

where R ~ is the cavity radius, 6 is the skin depth, v~P is

the pth zero of the J; Bessel function, and m and p are

the mode indices as previously defined.
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Fig. 2. Experimental setup.

IV. EXPWMENTAL SETUP

The experimental setup is illustrated in Fig. 2. The

source of probing radiation was a 10-mW, 135–144-GHz

tunable IMPATT diode. The radiation, which was re-

flected or reradiated by the gyrotron resonator under test,

was detected with a heterodyne receiver. For most of the

measurements, this receiver consisted of: a 46+ 0.25-GHz

Gurm diode and Millitech frequency tripler as the local

oscillator (LO), a Hughes single-ended mixer, a 3-dB direc-

tional coupler as the diplexer, and 5–1500-MHz inter-

mediate-frequency (IF) amplifiers with a total gain of 60

dB. Higher frequency IF amplifiers were also used to

increase the frequency range covered. Standard Hughes

24-dB gain horns were used both at the receiver and the

IMPATT diode. The receiver noise temperature was ap-

proximately 10 000-K double sideband.

The gyrotron resonator under test was placed in the

receiver field of view, which was approximately collimated

with some focusing mirrors. The resonator was angled so

that a peak or null of the resonator mode far-field pattern

was directed toward the receiver. The IMPA’f”I’ diode

beam was coupled into the cavity from a direction oppo-

site the receiver with respect to the resonator axis. The

precise alignment of the resonator and IMPATT diode was

adjusted experimentally for a good signal.

The key to the success of this measurement technique is

the use of a heterodyne receiver for detection. Because of

its sensitivity, it could be placed very far in the far field, up

to 2 m. This allowed for good resolution of a feature in the

far-field pattern and eliminated any interaction between

the resonator under test and the receiver. The output

diameter of the resonators tested was either 1.27 or 2.20

cm, so the far field (R> D2/A) was greater than 7.5 or 22

cm away, respectively. However, best cavity resonances

were observed with the IMPATT diode horn very close to

the test cavity, within 10 cm. About 20 dB of attenuation

was typically used at the IMPATT diode because signal
levels were more than adequate.

V. MEASUREMENTS

The measurements were made by rapidly sweeping the

IMPATT diode frequency and displaying the detected

spectrum on an oscilloscope. For the correct resonator
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Fig. 3. Results for a machined 137-GHz, TE03 resonator with Q~ =
9000. Oscilloscope displays are shown of the receiver signaf (going
negative) with IMPATT diode frequency swept at 1.15 MHz/ps.

(a) Full double-sideband output from receiver. TE031 and TE032 cavity
resonances evident in lower sideband. (b) Cavity resonances on expanded
scales appear as emission peaks. (c) For different resonator orientation,
cavity resonances appear as absorption.

orientation, a small fraction of the IMPATT power was

coupled to the resonator mode and the cavity resonances

appeared in the displayed spectrum. Typical receiver sig-

nals are illustrated in Fig. 3, which shows the results for a

machined 137-GHz, TE03 resonator with a design Q~ =
9000.

The full double-sideband output from the receiver is

shown in Fig. 3(a). Signal levels are negative. The sharp

null near the middle of the trace corresponds to receiver IF

frequencies between ~ 5 MHz, which are not amplified.

This null serves as a frequency reference marker, corre-

sponding to an LO frequency of 137.5 GHz in this case.

The frequency sweep rate was 1.15 MHz/ps from low to

high frequencies. The detected spectrum is modulated by a

standing wave, which is particularly evident in the upper

sideband. Cavity resonances can be observed in the lower

sideband superimposed on the standing-wave pattern.

The output from the IMPATT diode was not flat across

the frequency range studied. When the receiver viewed the

diode directly or by way of a mirror in place of the

gyrotron resonator, the signal was generally increasing

from low to high frequency, as roughly the average level in

Fig. 3(a) would indicate. Furthermore, there was some

structure as a function of frequency, which causes the

standing pattern in Fig. 3(a) to look uneven. However, the

standing pattern is very pronounced over the normal un-

leveled IMPATT signal when the gyrotron resonator is

introduced into the setup.

In Fig. 3(b), the resonances are shown on expanded

scales. These peaks are negative going, which could be

interpreted as emission peaks. Different resonator orienta-

tions are also possible where these peaks appear as absorp-

tion, as shown in Fig. 3(c). The background standing-wave

pattern also varies with resonator orientation. Best results

are obtained if the cavity is oriented so that a resonance

occurs on a peak or minimum of the standing-wave pat-

tern. In this way, the half maximum width of the reso-

nance can be more accurately determined for the Q mea-

surement. A by-product of this measurement is an accurate

determination of the cavity resonant frequencies.

The resonances in Fig. 3 were identified as the TE031

and TE032 modes. Their frequency separation of 250 MHz

agrees with computer calculations [5], [10], and the width

of the TE032 resonance is larger, as expected, for the lower
Q mode. For higher order axial modes, Q scales inversely

as the square of the axial mode number. The results for

this resonator and the others tested are listed in Table I.

In order to make a comparison of the measured total Q

with the design diffractive Q, the ohmic Q was calculated

by assuming the standard published value for copper con-

ductivity of 59X106 mho/m to calculate the skin depth.

Measurements of electrodeposited copper conductivity at

millimeter-wave frequencies have shown this to be a good

assumption [12].

Good agreement between measured and calculated total

Q was obtained for the first four resonators listed in Table

II. The electroformed 1500- and 400-design Q~ cavities

and the machined 6000-design Q~ cavity are the same ones

used in gyrotrons previously reported [11], [2], [5]. The

machined gyrotron resonators, assembled from parts, are

susceptible to higher Q values than design if the resonator

parts are not precisely mated or aligned. This may be the

reason for the high value measured for the 6000-design Q~
cavity.

The most interesting difference between measurement

and calculated total Q was for the last cavity listed in

Table I. This was an electroformed resonator which was

silver plated in an attempt to improve ohmic Q slightly.

Use of this resonator in a gyrotron resulted in poor perfor-

mance. Competition between the TEo~l, TEo~2, and TEo~3

modes was observed, with the best output efficiency

achieved in the TEo~2 mode. Cold testing explained these

results. The measured total Q for the TEoq2 mode corre-

sponded to a diffractive Q of 10000. The TE031 mode was

not observed in cold testing, but scaling the diffractive Q
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TABLE II
COMPARISON OF ML?ASURSD AND CALCULATED GYROTRON

RRSONATOR TOTAL Q FACTOR

CAVlT”f FKEQUENCY Qv

(DEslGN r21,) MODE (m. ) MEASUWD CALCULATED*

ELECTROF0815D TE03 , 139.75 1520 $200 lt+oo

(1500) TE23 , 136.65 1600 T 200 1400

ELECTP.OFORJIED =611 143.06 550 z 100 370

(400)

ELECTROFO~D TEo~ , 136.70 5700 ~ 400 5200

(7000) ~032 136.93 2000 ~ 200 1600

MAcHINED ‘m~y ~ 136.95 7000 ~ 600 6200

(9000) TEIXZ 137.20 3100 ~ 300 2000

v-WHINED TEo~L 137.18 6800 ~ 600 b600

(6030) 17’032 137.48 2400 L 300 1400

ZI.EC’TIOFOBJIED TE,)sI 136.90 13,400** 5200

SILVER PLATED ~032 137.27 6,700 ~ 600 1600

(7000)

*Using Q~ with copper conductivity assumed to be 59X1016 mho/m.
**Determined from TE032 measurement.

as the inverse square of the axial mode number implies a

value of 40000. Subsequent inspection of the resonator

with a reaming tool revealed a slight barrel shape to the

straight section. This example supports the validity of this

Q measurement technique.

The main source of error for these measurements is the

standing-wave background on which the resonances are

superimposed. Using eccosorb [13] wherever possible

around the outside of the test cavity had little effect.

Apparently, this background is due to a coherent inter-

ference between components of the probing radiation which

are reflected from the front and back ends of the reso-

nator. Most of the IMPATT diode radiation is not coupled

to the resonator mode and is transmitted through the

cavity. For this radiation, the gyrotron resonator acts as a

short length of overmoded waveguide. At the ends of such

a waveguide there is some reflection.This interpretation is

supported by the observation that the cavity resonances

appear as absorption on the standing-wave peaks and

emissions at the standing-wave minimums when a null in

the far-field pattern is aligned toward the receiver. For this

orientation, the cavity resonance interferes with the reflec-

tion from the back end of the resonator, which tends to

null out the standing wave.

Another observation which supports this interpretation

occurs when the orientation of the IMPATT diode in the

near field is varied. The frequency of the displayed stand-

ing wave varies in proportion to the angle of incidence of

the probe radiation with respect to the resonator axis.

Doubling the incidence angle halves the number of beats

in the output display. This would be expected if the path

difference between the two interfering components in-

creased with angle.

It seems unlikely that this standing-wave background

can be eliminated without affecting the resonator under

test. Nevertheless, this technique for Q measurements

should be accurate enough for most purposes.

VI. CONCLUSIONS

The gyrotron resonator cold-cavity Q measurement

technique described here is simple to implement, does not

require damaging the cavity, and is not mode-specific.

Making use of the resonator radiation pattern for coupling

in and detecting the probing radiation makes this tech-

nique very general, applicable to any gyrotron resonator.

In particular, it will be useful for future high-power, high-

frequency gyrotrons, which will operate on higher order

resonator modes for which reliable Q measurement tech-

niques have not yet been demonstrated.

Measurements presented in this paper agreed well with

most design values of resonators used in successful gyrotron

operation. In one case, poor gyrotron performance was

explained by a measured Q value very different from

design. The checking of resonator Q is necessary to avoid

wasting time and effort in assembling gyrotrons which will

not meet performance goals. Such a method will also be

valuable for developing novel resonators which minimize

mode competition. This Q measurement technique should

become very useful.
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