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HARMONIC EMISSION FROM HIGH POWER

- GYROTRON OSCILLATORS
l ¥ by
:..:: JOSEPH LAWRENCE BYERLY
::3 Submitted to the Department of Physics y
poo on May 11, 1984 in partial fulfillment of the requirements 4
for the Degree of Master of Science in Physics
. ABSTRACT
',:j ~ + Experimental and theoretical results are presented for the second harmonic emission ;
:‘.} (w = 2w,. where w, is the electron cyclotl;qm;qggncyf‘from a pulsed, high power gyrotron :
N designed for high frequency fundamental (w % w, )‘operation. The gyrotron produces more :
{ than 100 kW of output power at 140 GHz in the TE; 3 ; mode at the fundamental. Eight
e second harmonic modes were observed in gyrotron operation between 4.0 and 6.0 tesla
\_. with 65 kV beam voltage and up to five amps of beam current. The two strongest modes 1
~7 were the TE; 23 at 241 GHz which produced approximately 25 kW of output power at
.\ 7% efficiency and the TEgy 2, with & 15 kW at 209 GHz. These represent the highest
® power measured for high frequency (> 100 GHz) gyrotron operation at a harmonic.
The theoretical investigation involved a linear theory for determining threshold oscil-
lation conditions and two nonlinear theories for efficiency calculations. For the gyrotron
resonator which is excited at the fundamental in the TEq 3 ; mode at 140 GHz, there are
36 different modes in the frequency range 203- 303 GHz which could be excited at w = 2w,
‘ for a magnetic field between 4.0--6.0 tesla. The linear theory results predicted 28 of these
L\ second harmonic resonator modes 1o be above threshold for operation at 65 kV and five :
- amps. Minimum starting currents for the strongest second harmonic modes were calcu- 1
'::- lated to be 0.5 A. which is of the same order as starting currents for fundamental modes. {
- The calculations using both slow and fast time scale nonlinear theories predicted overall
' efficiencies of &~ 20%. This is only a factor of two lower than the theoretical fundamen- &
tal mode efficiencies. The relatively high second harmonic efficiencies arise because these
" modes have higher @ factors which compensate for the reduced gain at the harmonics.
. The measured harmonic emission was less than the theoretical predictions both in
:: terms of number of modes observed and the overall efficiencies. A number of possible
:: explanations for the discrepancy were considered. At most magnetic field values there ;
: was some radiation at the fundamental and the second harmonic signal was weak or
.. nonexistent. The two strong second harmonic modes appeared at magnetic field values
.: where there was no fundamental oscillation. This seemed to indicate that oscillation at
~ the fundamental was suppressing the weaker and missing second harmonic modes. A
e qualitative consideration of the mode competition between the fundamental and second \
harmonic supports this interpretation of mode suppression.
-.J "~ The present study indicates that second harmonic emission can achieve high power
levels at very high frequencies with reasonable efficiencies. Using available superconducting
A magnets and second harmonic operation, high power emission well into the submillimeter ‘
'.:" # {> 600 GHz) appears feasible. :
::: Thesis Supervisor: Dr. Richard J. Temkin
[ Title: Leader. Millimeter Source Group. MIT Plasma Fusion Center
’. K
7 2
(&
s
}o
s
e
'..
’l
<&

» - - - - - - - - - - - - -y L] - - - - - - v o - -
PR FRIRTS RIS TR AN P S AR VR XS, Py i ¥y, T VS HE ST VR OGS S ARG S, S SEA LR STV WA



YN

Re

)
felat
'

o ACKNOWLEDGEMENTS
[~
t I am indebted to a number of people whose selfless efforts made this thesis
o possible. Foremost is Dr. Richard Temkin for his freely offered knowledge, guid-
::-;: ance and encouragement through the entire course of my work with the gvrotron
A
S group at MIT.
N .
Dr. Bruce Danly made clear the difficult aspects of the nonlinear theory and
A devloped a computer code which significantly reduced the effort required in ef-
-'.::: ficiency calculations. He also conducted the major portion of the experimental
investigation. Dr. Kenneth Kreischer provided significant contributions to my
knowledge of gvrotron theory. including particularly useful explanations of the
" linear theory and associated computer code. | am grateful for the technical help
:'}: provided by William J. Mulligan during the experimental work and for the as-
e sistance provided by John Schutkeker in running the fast time scale computer
-: code.
,_ Finally. 1 wish to thank my wife. Heidi. for her tireless patience and under-
'.'_-',l standing throughout my studies at MIT.
_)
=
o
- Accession For
2 Wit
NTIS GRA&I
® DTIC TAB ]
:- Unsnnounced O
Justification
.\s
R —_
s o
N | Distribution/
N Avallability Codes
‘:ﬁ o ;Avnil and/or
o Dist | Special
A
o l l
;::. / ,
o ||
) ]
¥ B
3
.
e
o
Q.
l\"

O A T R T R

ORI IR TG IO T DU S A
PRV VLR PGP, 07, CG PN L



e

LN
i

’

!

. _ n DULAEA
PR
. :' l“ ../. l- ". {- v 'l:.;

!

Py

5 %

y
s
s, 1

20

'
LS

.

PANSRL 7

"- ’l“ .. };9

“aiete,

4
4 A0

-

ﬂfﬁ' &

Table of Contents

Abstract .
Acknowledgements
List of Figures
List of Tables . .
Chapter 1 — Introduction Coe e
1.1 — Historical Development of the Gyrotron
1.2 — The MIT Gyrotron .
1.3 — Motivation for an Harmonic Emission Study
Chapter 2 — Theory
Description of the Gain Mechanism
Definitions of Q and n .
2.1 - The Electromagnetic Field Structure in an Open Resonator
Application of the CAVRF Code e
Using CAVRF for the Gaussian Approximation to f(z)
2.2 - The Linear Theory of the Gyrotron
Description of the Linear Analysis
Derivation of the Gaponov Result .
Application of the Linear Theory
2.3 — The Nonlinear Theory of the Gyrotron .
Derivation of the Slow Time Scale Equations .
Application of the Slow Time Scale Theory .
Fast Time Scale Efficiency Calculations
2.4 —- w, -— 2w, Efficiency Scaling .
Chapter 3 -- Description of the Experiment
3.1 - The Magnetic Field Scan to Detect Harmonic Emission
3.2 Frequency Determination by Harmonic Mixing
3.3 - Starting Current Determination .
3.4 - Output Power Level Measurements
Chapter 4 - - Discussion of the Results
4.1 Finite Beam Width Effects .
4.2 — Mode Competition
Chapter 5 -- Higher Harmonics .
Chapter 6 - Conclusions and Recommendations
6.1 — Summary and Further Conclusions
6.2 - Recommendations for Further Study .

References

T N N A A N A S R A Lo A s
* i % 3 R B

®w -3 O U W N

32

107
109
124
130
137
138
142
144

L] "i.'-"



) ikl Si e DA A et Ay gl Ao B e Dt fane Fuiid ool ar &~ e a-g e o
Mgl Mg 2 A AL k ME A AN, N

List of Figures

Chapter 1

Fig 1.1a — Gyrotrons Operating at the Fundamental
Fig 1.1b — Gyrotrons Operating at Higher Harmonics .
Fig 1.2 — Schematic Diagram of the MIT Gyrotron .

Chapter 2

Fig 2.1 — CAVRF Output Field Magnitude and Cavity Radius
vs. Longitudinal Coordinate
Fig 2.2a — Second Harmonic Starting Currents for the
0.3.1 Cavity
Fig 2.2b — Second Harmonic Starting Currents for the
Whispering Gallery Cavity
Fig 2.3a - w = 2w, Linear Code Plot of the
of the 0,3.1 Cavity Mode Spectrum
Fig 2.3b — w = 2w, Linear Code Plot of the
Whispering Gallery Cavity Mode Spectrum
Fig 2.4a — w = 2w, Isoefficiency Curves — Nusinovich and Erm - 1972
Integration Length of — \/é;t <¢ <L +-‘£ u e
Fig 2.4b — w = 2w, Isoefficiency Curves — Nusmowch and Erm —- 1975
Integration Length of —v/3u < ¢ < —.Ll;u

Fig 2.5 — w, -— 2w, Efficiency Estimation

Chapter 3

Fig 3.1 -- Experimental Arrangement for the Magnetic Field Scan

Fig 3.2 -~ Fundamental and Second Harmonic Diode Pulse Shapes

Fig 3.3a - Fundamental Emission

Fig 2.2b - Second Harmonic Emission

Fig 3.4 - Schematic Diagram of the Harmonic Mixer Systemn

Fig 3.5a -— Dispersive Fourier Transform Spectroscopy Reflectivity Plot
of the 4 inch Scientech Calorimeter e .

Fig 3.5b -— Dispersive Fourier Transform Spectroscopy Reﬂectnvnty Plot
of the 1 inch Scientech Calorimeter

Chapter 4

Fig 4.1 — TE, 4.1 Mode Starting Current as a Function of r, .
Fig 4.2 — I.x vs. r, for the TE;; ;,, TEg 3, and TE3 5 ; Modes
Fig 4.3 — TE, 5,1 Mode Starting Current as a Function of r, .
Fig 4.4 — w,. <= 2w, Mode Competition

1]
14

17

62

62
80

84
87
KK
89
92

100

101

112
119
122
127




v b
XRAAAS

2,

List of Tables

I3

Chapter 2
Table 2.1a — 0,3.1 Cavity w &~ 2w. CAVRF Results . . . . . ... ... 30
Table 2.1b — Whispering Gallery Cavity w = 2w, CAVRF Results . . . . . 3l
Table 2.2a — 0,3,1 Cavity w &~ 2w, Starting Currents . . . . . . . . . . . 43
Table 2.2b — Whispering Gallery Cavity w = 2w, Starting Currents . . . . . 45
Table 2.3a — 0.3.1 Cavity w ~ 2w, Efficiency Calculations
Nusinovich and Erm — 1972, Integration Length of ‘;‘y e~ \,;'3# . 64
Table 2.3b — Whispering Gallery Cavity w = 2w, Efficiency Calculations
Nusinovich and Erm — 1972, Integration Length of - “—'[1 < ¢ < +§p . 65
Table 2.4a - - 0.3,1 Cavity w =~ 2w, Efficiency Calculations
Nusinovich and Erm - - 1975, Integration Length of —\3u <7 ¢ < ~ Y;?;[ . 66
Table 2.4b — Whispering Gallery Cavity « =~ 2« Efficiency Calculations
Nusinovich and Erm -- 1975. Integration Length of - \3u = ¢« - Y;u .67
Table 2.5a -- 0.3.1 Cavity « = 2., Efficiency Calculations
Fast Time Scale Particle Integrator
Integration Length of - lgp <¢ <+ v p ) 73
Table 2.5b — 0.3,1 Cavity « =~ 2w, Efficiency Cdlculations
Fast Time Scale Particle Integrator
Integration Length of ~Bu < ¢ < +2V/3u - 74
Table 2.6 — 0.3.1 Cavity w =~ 2w, Efficiency Calculations Comparison 75
Chapter 3
5. Table 3.1 — Observed Second Harmonic Emission . . . . . . . . . . . . . 95
::':: Table 3.2 — Second Harmonic Power Measurements . . . . . . . . . . . H)
:;EE Chapter 4
o Table 4.1 -~ Adiabatic Theory Beam Radius Calculations
3 for Observed Second Harmonic Modes . . . . . . . . . . . . . 114
-:" Table 4.2 — Adjusted 0.3.1 Cavity w = 2w, Starting Currents
E::'.: Including Finite Beam Width Factor . . . . . . . . . . . . . 115
.: Chapter 5
. Table 5.1 — 0.3.1 Cavity « =~ 3w, Starting Currents . . . . . . . . . . . . 132
:::: Table 5.2 -~ 0,3.1 Cavity w = 4w, Starting Currents . . C o138
\ Table 5.3 — 0.3,1 Cavity « &= 3w, Efficiency Calculations
,j-::: Nusinovich and Erm -- 1972, Integration Length of ‘2"‘;1 e ‘,;';1 135
..
i

e &




- B 208 se sl Aa aal sl or " T
ll‘l.E .!l‘l‘l_l.{l_l.l. At N SN A S S S A AR A A M S

..'
I‘_‘

3.
.l. .\"-' ~°

P Al h
l\'.\

»
- ... - .

()
A
YA

K@,

Y

Chapter 1

Introduction

Within the past two decades. the gvrotron has rapidly developed as an eflicient
source of high frequency microwave radiation. A worldwide effort of experimental
gyrotron designs has produced a wide range of operating parameters including
output power levels in excess of a megawatt, pulse lengths from microseconds
to continuous (cw), and wavelengths from several centimeters to well into the
submillimeter. The technology and demand for gvrotrons is such that they are
now available commercially.

Increasing with the performance level of gyvrotrons is the list of proposed
applications. Among these are high frequency radar. particle accelerators. spec-
troscopy of biological materials. and as a scattering source for plasma diagnos-
tics. But the most impressive application thus far has been in electron cyclotron
resonance heating (ECRH) experiments in magnetically confined fusion devices.
Significant bulk plasma heating increases have been recorded in the Soviet Union
1" and gyrotrons for ECRH have become an integral part of many experimental

fusion machines in the United States. The ECRH demands of a commercially

-]




viable fusion reactor have driven the long term gyrotron goals to long pulse, high

efficiency, with megawatt power levels in the 100-300 GHz frequency range. As
stated previously, each of these goals alone has been realized, but no gyrotron

exists today which incorporates all of them.
1.1 — Historical Development of the Gyrotron

Microwave devices in the 1950’s all had similar limitations which precluded
design and operation in the millimeter and submillimeter regime. Internal com-
ponent dimensions were directly related to the wavelength (A) of the output radi-

ation. Systems such as the travelling wave tube (TWT) or magnetron required a

periodic structure on the order of A and klystrons had electrodes with dimensions

L A
ARG

less than A. Obviously. radiation wavelengths of a few millimeters or less required

.l. !.’U‘ kY i‘ 4
:":‘A

a new mechanism for amplification.

2
[y

'

'
o e,

o L T

Such a mechanism was first theorized in 1958 by R. Q. Twiss '2.. An astro-

- physicist. Twiss surmised that under certain conditions. electromagnetic radiation

) traversing a magnetized, relativistic plasma would be amplified. In 19539, Schneider

*

3 using quantum mechanics and A. V. Gaponov 1 emploving a classical treat-

s

M
AL

nient. separately reached a similar conclusion concerning the possibiliny of gain

A
i 8

from relativistic electrons gvrating in a magnetic field. Hirshfield and Wachtel 5

A

a4 Q@
P

'. ’-,

provided the first experimental confirmation of the gain mechanisin in 1964.

I -"n'
"y 4y
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P

The amplified radiation from the theorized interaction was necessarily near

v

g
4

the Doppler shifted cyclotron resonance. With « representing the angular fre-

quency and k the wave vector of the radiation. the condition may be stated

oSl

o
)

-.';' _.' .

w ket (1.1)
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where n is an integer representing the harmonic number, ¢ the drift velocity and

w, is the relativistic electron gyrofrequency. That is

._\
N
- eB
v We = (1.2)
o) M
. with e and m, the electron charge and rest mass, B the magnetic field strength 3
N and ~ is the relativistic factor given by
-
; 1
V= = (1.3)
- V1 - 32
. where J - v ¢ is the velocity normalized to the speed of light (¢). Appropri-
"
‘n
ately enough. devices emploving this amplification mechanism were called electron p
® g
o cyclotron masers (ECM) or cyclotron resonance masers (CRM), the latter term .
N . e
.7 appearing extensively in Soviet literature.
'. ’
Theoretical and experimental work continued throughout the 1960’s with a *
massive effort taking place in the Soviet Union. Many possible configurations of 1
electron beam and magnetic field were considered. However. the most promising }
was a helical. annular electron beam from a magnetron injection gun transiting an 1
»", +
- open resonator near cutoff. aligned with a static magnetic field. This combined .
- .
- the capability to confine an intense. monoenergetic electron beam with the decided
: 3
i advantage of simplicity of design and construction. By operating near the cutoff ::
s N
N frequency of the resonator cavity. the k-t term is small so that high efliciency can .
. 1
.« be achieved with electron beams having a large velocity spread. The term gyrotron :
N 1 : . . :
was first used by Gaponov [6. for devices of this description. The name gyrotron y
;::'- has since acquired the additional restrictive meaning of weakly relativistic electron "
. A
] beam voltages. such that 32 < 1. <
- 1
. )
. 9 3
- 4
: b

S
\
“
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In the latter half of the 1960’s, interest in this class of free electron device
was minimal in the west, but the Soviet effort continued with significant theo-
retical advances. In particular, a nonlinear theory developed Gaponov, Petelin,
and Yulpatov |7| and reduced to a particularly tractable form by Nusinovich and
Erm [8], allowed gyrotron efficiency calculations and thus optimization of device
parameters including resonator cavity profile. The results of the theoretical work
became evident in the early 1970’s when Soviet experimentalists provided impres-
sive milestones of achievement. These results sparked renewed interest in gvrotron
research in the west.

A diagram of the status of gyrotron research to date is shown in Figures 1.1a
and 1.1b. Figure 1.1a considers only gvrotrons operating at the fundamental
(n = 1) while Figure 1.1b depicts the results at higher harmonics (n > 1). Both
graphs show achievements in terms of frequency and output power with separate
svmbols for various degrees of pulsed operation. For these figures, operation with
pulse duration of less than 10 msec was considered short pulse. while greater than

50 msec is shown as long pulse.

‘_Ef Examination of Figure 1.1a reveals the tradeofl between long pulse length and
:‘; high output power at high frequency. The highest output power in cw operation
V' is the 342 kW Varian [9] result at 28 GHz. Varian [10; and Hughes ‘11 have
: both produced 200 kW, 60 GHz gyrotrons. The Hughes version is long pulsed and
»Eq the Varian design is capable of cw operation. It should be mentioned that chart
E.- space in Figure 1.1a did not allow inclusion of the increasing number of commercial
- ventures in this low frequency, long pulse regime. In particular, Thomson-CSF {12i
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and Nippon Electric Company (NEC) [13] have produced ~ 200 kW gyrotrons for
long pulse operation at 35 GHz. Toshiba has also constructed 22 and 70 GHz
gyrotrons [14]. The Soviet contribution in this area of operation are gyrotrons
presently used to heat the Kurchatov T-10 Tokamak |15]. These devices operate
at 85 GHz with an average output power of 200 kW in pulses of up to about 50
msec.

Increasing the frequency of cw operation has resulted in significant decreases
in the output power available. As shown in Figure 1.1a, the highest frequency
yet achieved in cw operation at the fundmental is 150 GHz with 22 kW of output
power reported by Andronov et al. '16.. This surpassed the 1974 result described
by Zaytsev 17. of a cw gyrotron capable of 12 kW at 107 GHz.

Short pulsed operation greatly increases the operating space, both in terms
of power and frequency. The 1 MW power level was first exceeded by a gyrotron
operating in <hort pulses at the fundamental in 1978 as reported by Andronov

16 . These results included the achievement of 1.25 MW at 45 GHz and 1.1 MW

at 100 GHz. Experiments by Gol'denberg which were reported by Flyagin 18
recenthy exceeded this power level. Using a 90 kV. 50 A clectron beam with a
10 usec pulse length, 1.4 MW of output power was achieved at 100 GHz. The
same paper described experiments well into the submillimeter by Luchinin and
Nusinovich. which are represented in Figure 1.1a by the six points beyond 300
GHz with power levels from 20 to 130 kW. These dramatic results were produced

by using pulsed magnets capable of 23 tesla.
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The final points in Figure 1.1a represent short pulsed results, but were de-

v 4 !'l
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)

signed for extension to the cw and ECRH applications. Wall loading effects on the
resonator cavity were considered and continuous magnets were used. A gyrotron
at the Naval Research Laboratory (NRL) [19] achieved 340 kW of output power
at 35 GHz with an incredible 53% efficiency. The MIT gyrotron [20] produced 175
kW of power at 140 GHz in operation at the fundamental. This represents the
highest power at high frequency (> 100 GHz) in a low ohmic loss resonator mode
which is compatible with scaling up to long pulse or cw operation.

High power gyrotrons operating at harmonics of the cyclotron frequency are
shown in Figure 1.1b. All of the results depicted are second harmonic (n = 2)
except for one third harmonic result which is labelled.

A large part of the Soviet experimental effort in the early 1970’s used gy-
rotrons designed for operation at the second harmonic. In 1974, Kisel |21} ob-
tained 10 kW of cw power and 30 kW in pulsed operation at 34 GHz. The next
month, Zaytsev {17, published results of 7 kW at 154 GHz in pulsed operation.
with 2.4 kW at 157 GHz and 1.5 kW at 326 GHz in cw operation. Recent Soviet
harmonic gvrotron investigations by Zapevalov reveal a marked increase in power

and efficiency by using a stepped profile cavity. In 1979 22.. pulsed operation

at 25 GHz produced 500 kW. The latest Zapevalov results {23 include a pulsed

second harmonic gyrotron emitting 150 kW of output power at 34 GHz. and third

) harmonic pulsed operation producing 100 kW of power at 55 GHz. This last result

represents a remarkable 10% efficiency at the third harmonic.
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There have been few investigations of high power, high frequency harmonic
operation outside of the Soviet Union. The Harry Diamond Laboratories in con-
junction with NRL {24 completed a design effort for a 240 GHz, ~ 10 kW gyrotron,
but initial experimental results have yet to produce the expected efficiencies. Some
work has been carried out in the People’s Republic of China (PRC), including 30
kW of power at 37 GHz [25]. Thomson-CSF 12| has recently reported on initial
studies of a second harmonic gyrotron which has produced ~ 30 kW at 70 GHz.
The only other high power, second harmonic operation of a gvrotron is the MIT
result 26|, which is the basis for this thesis. As depicted in Figure 1.1b, the 25 kW
of output power at 241 GHz achieved in the present study is a singular achieve-
ment for harmonic operation. In the future. it may be possible to extend these
o
::: results to higher power and frequency.
1.2 — The MIT Gyrotron !
The MIT results cited in the previous section were produced by a gyrotron }
which has been in operation since 1982 at the Francis Bitter National Magnet :
Laboratory on the MIT campus. The design and intitial results were reported in E
" 27 . Recent results describing enhanced efliciency and improved diagnostics are ;
.:_ found in :20:. !
o~ ;
:.'::f Figure 1.2 is a schematic diagram of the device. The overall axisymmetric !
4
" geometry is typical of most gyrotron designs. To the left in Figure 1.2 is the y
! electron gun which produces an annular electron beam. The beam travels to the
\ right entering the magnetic compression region and through the resonator cavity.
; Exiting the resonator and high magnetic field region. the beam is deposited on

i;
|
3
1
|
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the collector which also serves as an oversized output waveguide for the generated
RF. The microwave radiation passes through a fused quartz output window which
allows the entire resonator tube section to be kept under vacuum, normally less
than 4 x 10~® torr.

The electron gun is a magnetron injection type constructed by Varian As-
sociates 128 which produces a nonlaminar flow of electrons. The designed ratio
of perpendicular to parallel velocities (v /vy) with respect to the main magnetic
field is 1.49. Beam cathode voltages of up to 80 kV have been used producing
beam currents of up to 10 A. |

The Bitter magnet which produces the main solenoidal field is a copper core,
water cooled magnet capable of generating fields in excess of 10 T in cw operation.
Additionally, two coils capable of generating 0.2 T are located symmetrically about
the electron gun cathode region to allow minor changes in the magnetic compres-
sion and beam quality. These are labelled “gun coils™ in Figure 1.2.

The resonator cavity is a section of cylindrical waveguide with a downtaper
on the beam input end and an uptaper to the output waveguide on the other end.
The input section downtaper is intended to keep the microwave radiation from
leaking back towards the electron gun.

The same resonator produced both the 140 GHz. 175 kW fundamental result
and the 241 GHz, 25 kW second harmonic result shown in Figures 1.1a and 1.1b.
The cavity was designed for fundamental operation in the TE, 3; mode with a
straight section length of 6\ and a radius of 0.348 cm. The theoretical diffractive Q@

(Qp) of the cavity was 1500 at the fundamental. For cw applicability. the cavity

* Tt AT AT M 4 e n® A Ta® ot aTat g aTe YA ANty Ve
N B N N N N A A S SR MONT

e w |

P .




NOHLOHAD ZHO OVl L'1'W

300HLVYD
S3IHONI
o189 20 $7109 NND
rvrvrv17vr1
HONOYMHLQ33 4
mo.ruu._._ouﬁ_
l
' %
MOGNIM 30IN93AVM
aNV
S._Bo ¥0123110)
140d ONIdNNd \
L3INOVWN ¥31118 3AVA 319
YOLYNOS3IY

uoI)0IAx) LI 243 Jo weiderqq dtjewayd§s — Z°'T 3t g

‘ll v(“'.. . ..
-. a - cv - /’(’).’
o ..f...-..,...f..n.n.ﬂ........ RN W...xvv




A .
FACE N
[ AT

»
.
.
»

REAL 6%

B }l ‘s _‘l

3 4,

1 .\.\. .". -".

s Fd
NI

l;l.‘ I‘}l

.l
B AN

wall loading was constrained to 2 kW /cm? and the electron beam was placed to

interact with the second radial maximum of the electromagnetic field. This unique
feature reduces space charge forces in the beam which could degrade efficiency.
The gyrotron operates in a pulsed mode with a pulse length of 1 usec and a
repetition rate of 4 Hz. Nominal beam voltage and current for the investigation
described by this paper were 64.3 kV and 5 A. The electron beam guiding center
radius in the resonator was designed for 0.182 cm. but adjustments to the gun coils
affecting the magnetic compression yield 0.197 cm as a more realistic figure. These
values are mentioned now, since they are important parameters in the theories

discussed in Chapter 2.
1.3 --- Motivation for an Harmonic Emission Investigation

Harmonic emission from high power gyrotrons demands investigation from
two overall distinct points of view. The first is that gyrotrons designed for har-
monic operation are viable for some applications. The second is that harmonic
emission can produce serious effects on a gyrotron intended for operation at the
fundamental.

Examining these in order, Soviet experimentalists have designed gyrotrons for
harmonic operation and achieved impressive results. Analytic theories discussed in
Chapter 2 predict reasonable efficiencies (~20%) at the second harmonic for a gy-
rotron operating with the parameters of the present device. The major advantage
of harmonic operation is the lowering of the magnetic field requirement. Since in
a gyrotron, w &~ nw, and w. ~ B, going to second harmonic operation eflectively

halves the magnetic field required to produce the same frequency. Efficient, high
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harmonic operation therefore leads to the possibility of using permanent magnets
at some time in the future.

Achieving high efficiency in high harmonic operation was the goal of three
recent studies. Experiments by Hirshfield {29] on a CRM employing a solid beam
Pierce gun have produced emission at up to the ninth harmonic at wavelengths
from 8 mm to less than 1 mm. The theoretical interpretation presented by the
same author in an earlier paper [30] and supported by these results, is that cou-
pling at the beam boundary excites Bernstein modes on the beam. Lau |31 has
proposed a device called a gyro-magnetron which has a corrugated resonator wall
similar to a magnetron. Emission would occur predominantly at the cyclotron
harmonic corresponding to the number of vanes in the cavity. A mildly relativis-
tic, annular electron beam would still be employed. Finally, McDermott et al. [32;
have reported on a gyrotron with a unique axis-encircling electron beam. Initial
results have produced multi-kW power levels from the eleventh harmonic at 65
GHz.

The second major reason for studying harmonic emission is to understand
its effects on a gyrotron designed for operation at the fundamental. Unrestrained
harmonic oscillation could possibly damage tube components such as the output
window. Mode competition between the desired fundamental mode and parasitic
harmonic modes could result in degraded efficiency.

Finally, megawatt designed gyrotrons in the future will necessitate the use of

highly overmoded resonators. A study of the harmonic emission permits the inves-
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tigation of an overmoded cavity. For example, the MIT gyrotron has a resonator
diameter of ~ 3 at the fundamental and therefore ~ 6 at the second harmonic.

This paper details an harmonic emission study on the MIT gyrotron. Chap-
ter 2 presents linear and nonlinear theories and applies them to predict the second
harmonic modes that should be excited and their efficiency. Chapter 3 describes
- the experimental investigation to identify harmonic emission, measure starting
current and output power. Chapter 4 discusses the results and offers explanations
for discrepancies between theoryv and experiment. Chapter 5 considers the pos-
sibility of higher harmonic emission with n >> 2 and Chapter 6 concludes with a

summary and recommendations for further study.
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Chapter 2

Theory

All quantitative theories regarding gvrotron operation must consider the cou-
pled problems of the Lorentz force dominated electron dynamics and the electro-
magnetic fields described by Maxwell’s equations. The complete solution consider-
ing specific device geometries is quite intractable, even using numerical methods.
Therefore, the major differences in gyrotron theories are in their assumptions and
their degrees of completeness. The linear theory is useful in determining the start
of oscillation conditions. The nonlinear theory is required to predict the output
power of an oscillator, and therefore is needed in efficiency calculations.

This chapter will outline the basic development of both the linear and non-
linear theories of the gyrotron. These theories will then be applied specifically to
the MIT gyrotron to predict its performance at second harmonic operation. Two
separate resonator cavities will be discussed. The first is described in Section 1.2
of this paper and will be referred to as the 0,3,1 cavity. All of the experimental
work described in later chapters used this resonator. The second cavity which was

designed for operation at the fundamental in the TEg 1,1 mode, will be referred

21




to as the whispering gallery cavity. Extensive experimental work is planned for

this resonator in the future. The chapter concludes by using a nonlinear theory
to make an efficiency scaling approximation from the fundamental to the second

harmonic.
-— Description of the Gain Mechanism —

The radiation producing interaction in gvrotrons can be understood by ele-
mentary arguments using a classical description. The discussion presented here
follows the development in an undergraduate phvsics text by Bekefi and Barrett
33 . The simplified geometry to be considered is a beam of monoenergetic elec-
trons travelling in helical paths about static magnetic field lines. The electrons
encounter an oscillating electromagnetic field in the resonator cavity. which for
the purposes of this schematic can be considered unperturbed by the presence of
the electron beam.

Entering the interaction region. the electrons have random phases in the plane
perpendicular to the direction of the magnetic field. The transverse component of
the high frequency RF field in the resonator will tend 1o accelerate some of the
clectrons and decelerate others. Variations in the field across the Larmor orbit
are ignored here. so this discussion is only applicable at the fundamental. Those
electrons which are accelerated initially by the electric field will increase in mass
by the relativistic factor ~. The increase in ~ will decrease the cvclotron frequency
since w. ~ 1 3. These electrons will be retarded in phase relative to those not
initially accelerated. Converselv. electrons which are decelerated by the electric

field will have a resultant decrease in 4. an increasc in w., and therefore advance

N
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in phase. Azimuthal electron bunching will occur, with relativistic mass effects

providing the bunching mechanism.

Simplified conditions for gain may be derived {34] by now viewing the electron
bunch as a single negative charge orbiting at w. near synchronism with the RF
field, oscillating at w. If the cyclotron frequency is slightly greater than w, then
after several periods of oscillation the electron bunch will be positioned such that
it is accelerating and gaining energy at the expense of the field. However, if w, is
slightly less than w. then after several periods the bunch will be decelerated, giving
up energy to the RF field. In simple terms, the gyvrotron depends on relativistic
electrons for azimuthal bunching and a gvrofrequency such that ... < w for gain.

This description details the interaction at the fundamental of the cyclotron
frequency. To generalize to the ntP harmonic, the finite Larmor radius must be
included and the electron must be perturbed by the field n times in one gyro orbit.
The field may be represented by an n'® order multipole expansion and the beam
interaction involves the nt!" derivative of the field. The simplified gain condition
becomes w nw, 0w,

The azimuthal bunching described above is the electron cyclotron maser in-
stability generally associated with CRM's. Additionally. there is the possibility of
axial bunching of the electrons leading to what is termed a Weibel-type instability
35 . The axial bunching arises from the Lorentz force interaction between the elec-
trons and the RF magnetic field and is not at all dependent on relativistic eflects.
Chu and Hirshficld 36 have shown that the two bunching mechanisms compete

with each other, so that depending on the particular device, one will dominate. In
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:::'._'_ an earlier paper, Hirshfield {37] concluded that the azimuthal bunching dominates
t in fast wave interactions. Since a gyrotron operates near cutoff, the wave vector
%
T .
N components satisfy
o)
i , ,
v-\--, o
Ty k< > k. (2.1)
N Here k, and k; represent the component magnitudes of k in the directions per-
N
_';:'."-f pendicular and parallel to the static magnetic field respectively. Thus the Doppler
S shift term kv is small and the fast wave condition
T
b wik e (2.2)
ey
N 1s satisfied. Therefore the axial bunching is ignored in most gyvrotron theories.
[
N It has been shown (38 by similar arguments that the electron beam interacts
AR
‘ '... » . 0 . - '~ .
o with TM modes with substantially lower efficiency then with TE modes. For this
LSRN
RS
i - reason, TM modes are generally not considered and will not be discussed in this
s !
IS paper. ‘
-'_:‘t'.: - Definitions of Q@ and n — |
- - ‘
”) o It is useful at this point to introduce some parameters which appear through-
j-i‘:: out CRM theories in power balance relationships. The diffractive Q (Q)) is related
e
2N ,
Oy to the stored energy in the cavity ({7) and the RF output power (F.,¢) by
L4
N wl’ o .
Qn- 28 (2.3) |
.‘..:': ]u]lt i
-'.1‘ ‘
::- Since some energy is extracted by ohmic losses. a similar relationship exists be-
S tween the ohmic Q (Q.nm) and the power that is used in wall heating (P.y)-
}‘;:{ The overall quality factor (Q) includes both diffractive and ohmic losses.
e
Lo i 1 1
~ , .
® - e (2.4)
oy - Q Ql’ Quhm
N
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The output efficiency n of a gyrotron is defined by n = P,/ Pin, where P,
represents the beam power given by P;, = IV,.. Here I is the beam current and V',
the cathode voltage. As with the @ factors. consideration of the fact that some
of the RF energy heats the walls instead of travelling out the waveguide leads
to the definition of the electronic efficiency n.,. Both power loss mechanisms are
included in n. by the expression n¢; = (Pout * Pohm)/ Pin- The output efficiency

may be written in terms of r., by

= (10 ) e (22)

Since only TE modes will be considered and the static magnetic field can do no
work on the electrons, only the perpendicular velocity (v, ) of the electrons can
contribute energy to the field. The parallel electron velocity (v ) remains constant
throughout the cavity to the extent that the RF magnetic field may be ignored.
The final efficiency to be defined, n ; . accounts for the fact that only the transverse

beam energy may be converted to electromagnetic field energy. Equation (2.6)

-4

expresses the relationship between n,, and 7 .

[hiChEhE)
«  Cs e

[ T T S K}
—

M.,

'0

As a final set of useful definitions. the normalized velocities are 3 = v ‘¢

and .3 v, c. They are related to i introduced in Chapter 1 by 3% ~ 3% 4 32,

The relativistic 4 written in terms of 3 in equation (1.3) may be calculated by
S I - (2.7)

when V. is in kilovolts.
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2.1 — The Electromagnetic Field Structure in an Open Resonator

All of the theories to be considered require some knowledge of the RF field
structure in the cavity. The complete solution of this problem in actual gyrotron
operation involves a coupled system of equations relating the perturbing effect
of the electron beam on the cavity fields and the RF field effects on the particle
dvramics. A reasonable first approximation is the cold cavity electromagnetic field
solution disregarding the presence of the electron heam. The CAVRF computer
code 39 developed at the Naval Research Laboratory provides such a solution.

The gyrotron resonator is basically a section of irregular waveguide aligned
with the magnetic field. The solution to Maxwell’s equations without source terms
in a perfectly conducting. nonuniform waveguide had been considered previously.
but Vlasov et al. 40, provided an approach specifically applicable to gyrotrons.
In 39 . Fliflet and Read continue with this development. rederiving the applicable
equations and discussing the numerical methods employed in creating the CAVRF
program.

In outlining the CAVRF solution technique. the longitudinal axis parallel to
the magnetic field will be the z-direction. The longitudinal profile function of the

field f.{z} satisfies the one dimensional wave equation

d*f.

dz*

Ki(w.2)f. 0. (2.8)

In equation (2.8). «. is the complex equivalent to & and the “s” subscripts denote

that the quantities are mode dependent. The radiation boundary conditions which
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ensure that the fields are decaying exponentially in the cutoff input section of the

a

'f.'(

t cavity and are travelling waves in the output section are

— z'stS:| =0 and [dfs + insfsJ =0. (2.9)

Z=24 ~ Z=Znut

df .
[d:

ey Here z;, and z.,. refer to the coordinate positions of the input and output ends
- of the cavity.

The solutions to equation (2.8) with the boundary conditions (2.9) yield com-

o plex eigenfrequencies. The real part of the eigenfrequency is related to the actual
- frequency of radiation (v) in the standard manner.
:'.\
o R
-l e IS
=3 Vo e (2.10)
- 27
.:,;.
g i . ) ) .
- The imaginary part can be used to determine the diffractive @ of the resonator
»- by the relation
- Re w
Qp = —— . 2.11
a0 2(Im w) (z.11)
The CAVRF program separates equation (2.8) into real and imaginary parts
__: and numerically integrates the resulting pair of coupled second order differential
Ll
395
7 equations. The eigenfrequeney is found by an iterative procedure based on the
’ method of steepest descent. The code requires the actual cavity dimensions as
J‘:'.
" inputs and vields frequencey. diffractive . and the magnitude and phase of f. as
.
\::.
o a function of z.
o
o Application of the CAVRF Code -
o . . o : .
I Figure 2.1a shows a plot of the normalized field magnitude as a function
\ of cavity length using an actual CAVRF output. The result depicted is for the
._::{ 27
‘w..‘-
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TE11,2,1 mode using the 0,3.1 cavity dimensions. Since this cavity was designed

“oa
’

i)

t to oscillate at 140 GHz in the TE, 3., mode. it has a frequency of 241 GHz in the
-
. TE1,2.1 mode. Superimposed over the field magnitude plot are straight line seg-
\ ments representing the 0.3,1 cavity radius as a function of z. The radial dimension
-4 scale on the right is not the same as the longitudinal scale on the horizontal axis.
s,

The CAVRF code remains sufficiently accurate only for resonator cavities
‘-‘:V‘- which have a smoothly varying radius along =. Abrupt changes in the cavity radius
_-\ violate the “weakly irregular™ condition which permits separation of variables in
\ solving the Helmholtz equation. Both the 0.3.1 and whispering gallery cavity
‘;: profiles should satisfv the smoothly varying stipulation. The downtaper on the
i* input end is 0.15 for the 0.3.1 cavity and 0.5 for the whispering gallery cavity.
' Both resonators have output uptaper angles of 4-.

‘)

The data presented in Tables 2.1a and 2.1b was generated by the CAVRF

o o, % g

code. Table 2.1a represents all the possible TE,, ;.1 modes which could oscillate

[N
‘

- at the second harmonic between 4.0 and 6.0 tesla in the 0.3.1 cavity. Table 2.1h

includes all the second harmonic TE,, ;) modes in the whispering gallery cavity

PR
AT

over the same magnetic field range. Using the TE,,, , notation. only ¢ = 1 modes

were considered. Temkin 41 has shown that Q@ ~ ¢ * for high @ cavities. so

y '.'.l.?

higher axial modes (¢ - 1) would have substantially reduced diffractive @’s. It will

o »
-
.

Y

]
7

be evident later in this chapter that these lower Q  modes will require significantly

.,l
'.'

1 @

higher beam currents for the start of oscillation condition and will produce much

L s
» &

» .I ""‘l"

lower efficiencies. In the overmoded cavities under consideration. these higher

Pl A

.t

order ¢ modes should not be present.
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Table 2.1a — 0,3,1 Cavity w ~ 2w, CAVRF Results

Aol gt et e gt Aty

MODE

TE; 5.1
TEi31.
TEé6.3.1
TEg 21
TE4.4,1
TE14.].1
TE25.1
TEj0.2.1
TEo.5.1
TE7 3,
TE 5.1
TEs5.4.1
TE] 1,2.1
TEg 3.,
TE3 5.1
TE; 6.
TEj6.1
TEé.41
TE;2.2.
TEg 3.
TE]7V]<]
TE4‘5.1
TEz 6.
TE().ﬁ.]
TE ;3 2.
TE7.-1.|
TE]S.].]
TEI().Z 1
TEs 5.1
TE: 6.
TE]4,2.]
TE, 7.1
TE 9.1
TEs 4.1
TE,; 3.
TEé 5.1
TE 5.2

FREQUENCY (GHz)

203.72
204.61
209.26
209.51
218.78
218.94
224.03
225.40
225.71
226.52
233.24
237.24
241.17
243.55
243.75
246.86
247.51
255.37
256.84
260.39
261.76
263.01
267.35

287.92
289.95
290.20
290.84
293.60
300.46
303.35

Qp

3310
3350
3510
3520
3870
3880
4080
4140
4150
4180
4460
4630
4800
4910
4920
5060
5090
5450
5530
5700
5770
5830
6040
6120
6310
6360
6490
6660
6820
7120
7140
7260
7280
7320
7470
7680
7690

i"!: (cm~1)

1.537
1.538
1.545
1.545
1.559
1.559
1.566
1.568
1.568
1.569
1.578
1.583
1.587
1.590
1.591
1.594
1.595
1.603
1.605
1.609
1.610
1.611
1.616
1.617
1.621
1.622
1.624
1.625
1.630
1.635
1.635
1.637
1.637
1.638
1.640
1.652
1.660
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Table 2.1b — Whispering Gallery Cavity w = 2w, CAVRF Results

MODE FREQUENCY (GHz) Qp ky (em™1)
TEo 1, 203.52 689 2.306
TE; 3, 215.53 755 2.350
TE, 4, 29935 798 2.375
TE¢ 2 1 222.90 796 2.377

TE10.1.1 293.58 804 2.380
TE, 3, 240.82 909 2.436
TE11.1, 243.56 926 2.444
TE7 2 245.56 936 2.449
TE2 41 250.07 962 2.462
TEo.4 1 252.97 981 2.470
TE12.11 263.48 1050 2.500
TEs 3 , 265.53 1070 2,504
TEs 2 1 267.96 1080 2511
TE; 4 ; 276.86 1140 2.529
TE; 5, 282.12 1180 2,545
TE s 1, 283,35 1180 2 54
TE¢ 2 1 280.78 1230 2.561
TEg 3, 290.13 1230 2.561
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The possible modes for the given magnetic field range were found by scaling
Ump from a fundamental mode where vy, represents the p** root of J. (z) = 0.
Here J; (z) is the derivative with respect to argument of the Bessel function of
order m. The cavity dimensions required as CAVRF input values could not be
measured to the desired accuracy, so the CAVRF output frequencies for the second
harmonic modes were scaled by the ratio of experimentally measured frequency
to CAVRF frequency of a known fundamental mode. The accuracy of the ex-
perimental technique discussed in Chapter 3 allowed five significant digits in the
scaled CAVRF frequencies tabulated in Tables 2.1a and 2.1b. Since ;) was not
determined experimentally at the fundamental with sufficient accuracy. the direct

CAVRF output values of Qp at the second harmonic are presented in the tables.
-- Using CAVRF for the Gaussian Approximation to f(z) —

The final columns in Tables 2.1a and 2.1b are labelled k.. which represents a
parameter required for theories discussed later in this chapter. The field magni-
tude profile plotted in Figure 2.1 resembles a Gaussian function with some degree
ol imagination. This Gaussian approximation is used in several theories by sub-
stituting the function

f(z) e [# bk (2.12)

for the actual cold cavity f.(z) solved for by CAVRF. Here L.y represents the
effective cavity length. or the full width of the Gaussian function at the 1 ¢ point.

This is related to the tabulated value of k by

EN
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'.’-:'.: The mechanics of calculating the k., values involved running CAVRF with

975 data points along the z-axis for sufficient accuracy. The highest three field

. magnitude values and corresponding z-coordinates were locally fit to a parabola to
\,-:.: determine the maximum point and its 2-coordinate (2,.x). A parabola was then
g fit to the three points closest to the 1;e value of the maximum on the input side.
o and the z-coordinate (z,,.) was determined. The input side was used because the
efficiency is known to depend strongly on the RF field profile on the input side and
::-:: only weakly on the profile on the output side. The k value was then calculated
o by

N

L . 1

'Y k= ~— — . (2.14)
kS Smax ] e

o This value is close but not necessarily the same as the paralle]l wave number
o k expressed as

o k- \'(,u'r)'z— -2 (2.15)
- -

N

Y In tvpical evlindrical resonator geometries.

.’:.-1

)

-'_j.: k.o = v, (2.16)
-
O where rois the cavity radius. This implies & i< a function of z. As shown in
od N :

- Figure 2.1, the fields are generally confined to the straight. central region of the
- cavity. In practical calculations of & . it suffices to use the straight section radius
. in equation (2.16). The condition k* - k* implies (« ¢)* - k% = k=. For
- this reason. equation {2.15) is not very useful unless (w ¢) and k& are known to
&= unrealistic accuracies. The parameter k described above actually provides a more
L

\':~
R 33
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reasonable estimation of k. Unless stated otherwise in this paper, IE,, will be used
whenever a value of k, is required.

The CAVRF results provide an adequate starting point estimation of the
electromagnetic fields in the resonator. However, gyrotron performance theories

require consideration of the energy exchange between the electrons and the fields.

- l. '.
et
f]

Pl

R
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‘l
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The linear theory will serve as a first step in this regard.

5y
L4
an

2.2 — The Linear Theory of the Gyrotron

To define the linear regime of CRM operation. the electron beam current
density J is in general not only the unperturbed beam density J... but a sum of
terms describing the coupling between the beam and electromagnetic fields. That
o d e G E(E) - (€ -~ ca€3(&) = .-+ where £ is the field amplitude
and & a unit vector in the direction of £. For small field values. the second order
and higher terms may be neglected, reducing J to terms lincar in £. Using the
output power relation P, ~ f\ J - £, it follows that in the lincar limit. 5 ~ £2.

The small field amplitude condition restricts the range of applicability to the
threshold of mode oscillation.  The primary application of the linear theory is

¥ the calcutation of the starting current 1 . which is the minimum beam current

'
()

required for mode initiation. This allows the determination of which modes should

2]
PR AN

be excited at a specific set of experimental operating conditions including beam

DO

T
o,

current 1. cathode voltage V... and magnetic field value B. The utility of the linear

»

theory is enhanced because it generally results in analytic expressions, as opposed

LA
L 4
»

v
2

.
.

.
.

to the nonlinear theory which must be solved numerically.
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There have been a number of formulations of the linear theory, differing

mainly in their scope of applicability. In 1965, Hirshfield {37. developed a the-
ory for the TE, ;) mode at the fundamental. Chu’s treatment ‘42|, restricted to
the azimuthally symmetric TE¢ ; , modes, extends the theory to cyclotron har-
monics. Temkin et al. 43| derived an expression for /., at the fundamental for
arbitrary TE,, ;., modes. All of these methods assumed a sinusoidal longitudinal
distribution of the RF field. The most comprehensive Soviet investigation was
performed by Petelin and Yulpatov 144], but a particularly simple yvet meaningful
expression was reported by Gaponov 45 which will be used extensively later in
this section. The Gaponov equation assumes a Gaussian field distribution and
vields /. at the magnetic field value corresponding to the minimum /...

This section will outline the development of the linear theory as formulated
by Kreischer and Temkin ,46/. Their treatment encompasses all TE modes in-
cluding harmonics. and any longitudinal field profile. Additionally, an arbitrary
distribution of electron velocities may be included. In the appropriate limits,
their expressions reduce to those results cited earlier. This will be demonstrated
explicitly in the case of the Gaponov equation.

Description of the Line v Analysis

Several assumptions are necessary in the Kreischer formulation of the linear
theory. These include the same condition required by CAVRF that the cavity
radius be slowly varying along the z-axis. The electron beam should be weakly
relativistic. since the theory only retains the relativistic factor 4 in the denominator

of ... Space charge effects are neglected as is the interaction hetween the electrons

L T At T T T AT AT AT s o e o]
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and the RF magnetic field. This latter statement eliminates consideration of axial
bunching and TM modes as discussed previously.

The derivation is based on the combined Vlasov and Maxwell equations
as a foundation for describing the beam and electromagnetic field interaction.
Maxwell's equations are solved by a Slater expansion of the fields in terms of or-
thonormal modes. When the cavity is at equilibrium. the power balance equation

may be written

where F. represents the time independent Slater expansion coeflicient for the mode
s The s subscripts on w. Q. and & indicate that they are also mode dependent.
This equation follows from the total Q generalization of equation (2.3). In this
case the stored energy U = (¢,P2/2) and the total power extracted from the beam
is the interaction integral % f‘ J - £.. Since (2.17) is applicable at equilibrium. it
is representative of the oscillation threshold conditions. Solving the equation for
the current vields /. r.

The Viasov equation is linearized in terms of the fields and electron distribu-
tion function. The zero order equation is subtracted from the perturbed equation.
and the resulting expression is solved for the perturbed electron distribution func-
tion f, by the method of characteristics. The J in equation (2.17) may then be

solved for by the equation

J = -e /dﬁﬁ"\'fﬂt") . (2.18)
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The integration in equation (2.18) is over velocity and N is the spatial beam
density. The general interaction integral that results from these calculations is
quite complicated. involving several geometric factors and functions which are
determined by the longitudinal field profile. The general expression will not be
presented here.

The derivation at the fundamental assumes that the electron interacts with
the field value at the gyrocenter. To extend the theory to include higher harmon-
ics. the field value on the Larmor orbit must be used. To accomplish this. the
scalar potential is expanded in terms of four coordinates. These are the cylin-
drical coordinates azimuthal angle and radius (r.) of the guiding center. as well
as the phase and Larmor radius (r,) of the electron about the gyrocenter. The
transverse field is then determined from the scalar potential and the rest of the
derivation remains the same as for the fundamental. Again. the general case will
not be shown. but instead the specialized result for an infinitely thin. azimuthally

svinmetric. annular electron beam with radius r, is presented.

Cow ot k=v <'d-lr,(/\"TL) ) -

27 0 ‘ , Vr' ) 5
T e Gohdiben) B (2.19)

‘ Lol V[ owr® N dE
H / dv / (l('Af,, ( - ) [] 2 (k 11"(.2) (_1.TJ

In equation (2.19). f. is the unperturbed electron distribution. © is the average
parallel velocity and all of the mode subscripts have been dropped. The function F,

depends on the longitudinal field profile function f(z) and may be calculated in

terms of the Fourier transform of f with the independent variable r. This 7 is

Pt e it i)
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known as the detuning parameter and is a measure of the off-resonance condition.

Explicitly, z is defined by

nw. — «
T = —Ec_v— (2.20)
and it may be considered a normalized value of B. -1
The G p factor measures the effectiveness of the interaction between the elec- :]
tron beam and the fields. It is evaluated as G, - J2_,(k.r.). The “+” sign H‘
1s necessary because there is a double degeneracy in the modes with azimuthal l
E mode index m # 0. This corresponds to two senses of azimuthal rotation of the

el e

mode. There is a lack of symmetry in the problem duc to the specific direction

of rotation of the electrons about the magnetic field lines. Correspondingly. the

i@
ik i B

.
St

Bessel function values of J2 _  (k.r.) and J2_, (k.r.) may differ greatly vicld- .

m—n

ing significantly different values of I.r. The degeneracy is not resolved in the

azimuthally symmetric {(m = 0) modes which are standing waves in the azimuthal
direction. Mathematically this is realized by J2 (k_r.) = J? (k_r.). thus vield-

ing the same I.; regardless of sign.

Derivation of the Gaponov Result

Any arbitrary distribution of velocities may be treated in equation (2.19) by
specifving f In the case of no velocity spread. f hecomes the delta function
f 5 1,‘: o(r v )é(v v ,).and ¢~ » . Theintegral in the denominator
of equation (2.19) may now be evaluated.

o, < PR
¢ Jo ko)

T et N dE ) (k)
"Q[-z(kr,;(-z) dr "}( ) )
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Equation (2.21) is now appropriate for a gyrotron magnetron injecton gun produc-

ing a perfectly thin, annular electron beam with no velocity spread. To proceed
further, the longitudinal field distribution must be specified. By assuming the
Gaussian function for f(z) from equation (2.12) and evaluating the expression
above at the r value corresponding to the minimum /.., the Gaponov equation
45 will result.

As shown in 46 . the stored energy P ¢ for a Gaussian profile is

. ra i‘ 11 g - - 3 o
/D 2 = (é) 21:;2 'I/;!”] - 777‘7 J;;)(Uvu]r) - (2'22)

sSpecifyving a Gaussian also determines F,. and its derivative with respect to r.

T~ (z/2)° dF. 7 Clr2)”
Fo-Ze = o Tre Y (2.23)
2 dx 2

“%

Dropping the “.” subscripts on v, and v, and substituting in expressions (2.22)

and (2.23). the equation for /. becomes

.5 . ('T ) i ]4(-”,'~fk2‘(-2 -V;.)n]' vni‘!;f:i(l/nll.)
2k= J;‘i,_n(k.rt‘)
I ' A

R -a I ona . Vdd(kor) ?
‘ 2 (l - )j ”J ( dik ) )

The approximations applicable to gvrotrons, k% =~ k% and « = nw., permit the
o, . :

—_
[E™

2.24)

~substitution & r, = n3 . The small argument approximation for the Bessel
function may be used in the weakly relativistic limit to yvield

2 P 2(n 1}

() = ) e ) ()
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. As discussed in Section 2.1, for the Gaussian k; = k = Leg/2. This relationship
£ ‘
o
% with the near cutofl and near resonance approximations allow
AN
::::: Legwk?v? e A nw n (L
et ] y (]
e .__2_u z—(———)ﬂﬁ and ( C)z~( e“). (2.26)
t:_: Zk_L Vi Leﬁ‘ ' kHvN ﬂ“ /\
~" Prior to making these substitutions, the normalized cavity length x and the beam
::j:'_: interaction term G will be introduced. These definitions appear in numerous Soviet
.:';.'
>

papers including 8 and 45..

.’

32
o= N%: (l—leg) (2.27)

2 (k
¢z Tmanlbrd (2.2%)

!.Uglp - m2] Jr"b;z(uml’)

Using equations {2.25) - (2.28), the expression for /. becomes

. _ o o P
Loy l. 4 . & (.
S O

-
4e,m.c? 9
. [ evar |7
s Joqg = — - v - . (2.29)
n 0 Leg\ (n" B ) " )G —(1/2)2[ Ty
e — — 3 - - n
A A n! 2 2
47
<2 The detuning value which produces the minimum starting current (r,,;,.) is
~ g P g
"."._‘ determined by taking the derivative of equation (2.29) with respect to r and setting
™
e T
¥ . e . . .
" it equal to zero. The resulting value is given by
.-
= N
':::'I Tigin 0 (;) + \ (;) + 1 . (230)
o
-
’.‘ Only minor cosmetic changes remain to convert (2.29) to the exact form of

the Gaponov equation. These include defining “r Gaponov™ (z,

L3

) as
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and multiplying numerator and denominator by 10~2. Evaluating the numerical

t factors and physical constants in MKS units yields 2.16 amps when multiplied by

>

ij: the 10-%. It appears that Gaponov combined the 2.16 and v to get 2.3, which

2 is accurate at V., = 32 kV. The following equation is the Gaponov result with .
a definitions (2.27), (2.28) and (2.31). ]
4_. {
= (2.3) 8

‘:': ]\T(A) = — - - A (2-32)

e _ay [ Lex \ [ n" 2 N\E g :

: (@-10 )(T)(’{z) (7,) Ge "%z, n ,
- :
- -— Application of the Linear Theory -— :
S ]
\. The denominator of the expression above contains the total 2, which may be .
o h
:
o calculated by equation (2.4). The diffractive Q is obtained from the CAVRF results ,
& of Tables 2.1a and 2.1b. Equation (2.33) below yields @ohm for the cylindrical :

4

_ geometry resonators under consideration.

D

o r m?

-':' Q<-11m = j (] - T) (2'33)

&Y \ Vm]‘,

77: Here r,. is the radius and é the skin depth of the conducting cavity wall. To

:'.;': present order of magnitude examples of Q.,,,,, for the 0.3.1 cavity. the “volume”

.’ modes (radial mode index p > 3) all had Q. > 20.000. The TI,, »1 modes

- with m = p = 2 had Q.hy = 16,000 and the whispering gallery modes (TE,, 1,

with 1 > 1) had Q. 1, = 6.000. These values of Q. combined with the values
of @, ranging from 3310 7680, imply that with the possible exception of the

whispering gallery modes with p = 1, Q = @,. This serves to justify the previous

neglect of higher order axial modes since 1., ~ Q"' = @,,' ~ ¢2. With the given

41
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range of @ values, TE,, ; 2 should have approximately four times the starting
current as TE,, ;.

All of the factors appearing in equation (2.32) may now be calculated by
the data produced from CAVRF and the specific experimental conditions. The
frequency and lEH from Tables 2.1a and 2.1b yield L.g and A. An operating voltage
of V. = 64.3 kV and the MIT electron gun design value of (8./8;) = 1.49,
produces 3. = 0.383 and 3, = 0.256. Thesc values permit the calculation of u by
equation (2.27) and z_ by specifying the harmonic number n = 2 in equation (2.31).
The frequency from CAVRF also appears indirectly in the calculation of . by
the v = dependence of the skin depth é appearing in equation (2.33) for Q. .

The remaining factor in the Gaponov equation (2.32) is the beam interaction
parameter G defined by (2.28). The k_ in the argument of the Bessel function
in the numerator of (2.28) is determined by equation (2.16). The specific wall
radius values used were r, = 0.348 c¢m for the 0.3.1 cavity and r, = 0.250 cm
for the whispering gallery cavity. Both cavity calculations used a beam guiding
center radius of r. = 0.197 cm. The degeneracy in G discussed earlier for the non-
azimuthally symmetric modes requires an additional term in the mode notation.
In this paper, TE,, ,, 4(+) refers to the positive sense of rotation and therefore a ¢

calculated with J2

senlkire). while TE,, | ;) is the opposite with G resulting

from J2 ,(k.r.). The azimuthally symmetric modes will remain TE. .-

Starting currents were calculated by equation (2.32) for all the modes listed

L
[y

in Tables 2.1a and 2.1b. The results are depicted in graphical form in Figures 2.2a

A .;).l

A N

and 2.2b and the actual values are listed in Tables 2.2a and 2.2h.
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Table 2.2a — 0,3,1 Cavity w =~ 2w, Starting Currents

MODE

TE1.5.1(+)
TE)3,1,1(-)
TE6,3,1(+)
TEg 3,1(-)
TE4,4,1(+)
TE151.1(0)
TE2 5.1(+)
TE10.2.1(-)
TEo 5.4
TEH133\7)
TE15.1.1(-)
TEs 4.1(.)

TEj0.3.30.)
TEs 5.1(-)
TE36.1(-)

TEj4.2.1(-)
TE; 7.4

TEj90.3.1:
TEs 4.1

TEH].&I(W
TE6.5.1(-)

B (tesla)

4.054
4.072
4.165
4.170
4.356
4.360
4.462
4.489
4.496
4.512
4.647
4.727
4.806
4.854
4.858
4.92]

4.934
5.092
5.121

5.193
5.220
5.245
5.332
5.361

H.434

5.450
5.506
5.528
5.625
5.734
5.746
5.7187
5.792
5.804

5.860
5.998
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2910
2120
3000
2880
3320
2312
3500
3280
3560
3480
2500
3870
3680
3970
4120
4240
2680
4440
4090
4480
2850
4760
4940
5000
4500
5030
<000
3000
5420
5670
4910
5780
3150
5630
ao10

5970
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8.845
8.876
9.035
9.044
9.364
9.369
9.545
9.592
9.603
9.630
9.861
10.00
10.14
10.22
10.22
10.33
10.35
10.62
10.68
10.80
10.85
10.89
11.04
11.09
.21
11.24
11.34
11.3
11.54
11.73
11.75
11.82
11.83
11.%85
11.99

12.13

-~

Ist (amps)

1.4
41.
1.1
0.72
21
83.
1.1
0.66
1.9
1.2
110.
1.1
0.66
1.3
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Table 2.2b — Whispering Gallery Cavity «w ~ 2w, Starting Currents

MODE B (tesla) Q Leg/A Ist (amps)
TEq 1 .1(-) 4.029 606 5.887 4.0
TE3 31 ) 4.270 722 6.118 11.
TE; 41(-) 4.407 764 6.244 15.
TEg 2.1 :) 4.418 751 6.257 6.1

TE101.1(-) 4.431 693 6.266 3.6
TE4 5.1(-) 4.777 863 6.596 8.6
TEq; 11(-) 4.832 780 6.648 3.4
TE7 2.1(+) 4.873 875 6.690 5.3
TE; 4.1(-) 4.963 915 6.776 9.0
TEo 4.1 5.021 933 6.832 11.

TE1211(-) 5.232 866 7.032 3.3
TEs 5.1(-) 5.274 1000 7.075 8.4
TEg 2 1(4) 5.322 1000 7.120 45
TEs 4.1(-) 5.501 1080 7.296 8.1
TE; 5.1/ ) 5.607 1110 7.396 75
TE1211( ) 5.632 952 7.420 2.0
TE¢ 51, 5.761 1150 7.550 10.

TEg 2.1/ -) 5.768 1120 7.556 4.3
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In the figures, each vertical line represents an individual mode plotted at the B
field value corresponding to zp,i,. Equation (2.30) determined zn,i,, and for all
modes the value of z,,;, ~ —1.1. This is a result of the one under the square
root sign being the dominant term since g > n. The ., value is converted
to B by equations (2.20) and (1.2). The vertical axis has an inverted log scale
so the modes with the lowest starting currents appear as the longest lines. The
horizontal dashed line represents the experimental operating current of 5 amps.
Modes extending above this line should be above threshold. Space did not permit
labelling each mode. but correlating the B and 1., values in the accompanying
tables allows individual mode identification.

The values presented in Tables 2.2a and 2.2b include the two parameters Q
and Leg A which were used in equation (2.32). The accuracy in the starting
current calculation limits the tabulated values of .. to two signigicant digits. Only
one sense of mode rotation is listed in the tables. Values of /. were computed
for both “(=)” and “(-)” modes. the result appearing in the tables representing
the mode with the lowest I... Generally the two calculations vielded values which
differed by at least an order of magnitude. The mode with the higher 1.+ would be
in the excitation range of the mode with the lower starting current, and therefore
the higher /.. mode should not be present. The 0,3.1 cavity TE; 5, was the only
mode with the same “(+)” and “(—)” I.r values to two significant figures. The
fourth digit resolved the issue in favor of the TE, 5 ;(.) mode, but it would not

be considered a reliable distinction.

47

PENR Y ey

dinfnafenfootunty

el ik

lisiiiofeese fotduminectiotionic,

o e eos m B e, - 3 . _p 8

[ S

PG L Gl e |

e

Aaa-a b & L 0 Q)



PR

oW, W vy L4 EAMERACIA I e B e A A e e T Gec AR SR s hde S TR Le e U RTINS .-"_f-'_';‘.‘\‘,,ﬂ.\'f':_‘ e '."‘,‘ TN e T ™y R T Se N _'T
LI R P o P e S ST e S . - R

Examination of Figure 2.2a reveals the overmoded nature of the 0,3,1 cavity.
There are 36 modes with B(zp,i,) values between 4.0 and 6.0 tesla. Of these,
28 modes are predicted by the Gaponov equation to be above threshold. The
exceptions are the whispering gallery modes, with starting currents ranging from
41 to 890 amps, and the TE, g ;(4) with I.; = 5.6 amps. There are 14 modes
listed with a predicted starting current of less than an amp. This would point to
the possibility of TE,, , 2 modes by the simple scaling of @ values. but the mode
density is prohibitive.

By contrast. the whispering gallery cavity spectrum is {airly sparse as seen in
Figure 2.2b. This was a design consideration to reduce mode competition at the
fundamental. The reduced wall radius limits the number of possible modes to 18
in the 4.0 and 6.0 tesla range. Only seven modes appear above threshold on the
plot, those being the whispering gallery modes and two other “surface” modes,
the TEs 2.1(+) and the TEq 2.1(4+). The range of /., values is much more limited
in this case. with the lowest starting current belonging to the TE 3, with 3.2
amps. and the highest starting current corresponding to the TE; 4, at 15 amps.
Although the clean spectrum would appear to allow ¢ - 1 modes. the higher
starting currents eliminate the possibility. Scaling the TE; 3, to the TEqa 2
vields J.; = 12 amps.

The misleading aspect of Figures 2.2a and 2.2b, is the representation of cach
mode as a delta function in B. In reality. each mode may be excited over a range

of B as predicted by equation (2.29) prior to specifving £ = r,i,. There are

actually large regions of mode overlap. The B value in Figures 2.2a and 2.2b

s e
U R A
a o
.
»

[

@,

OO
EY Y

" .'

48

A ‘o

A
LN
SR
.'Q‘I

.®

.‘.‘ P AP S AT A O SA A PR VA P R S PN
S WA AITIANS ITA NSV L Y

FAFR IS RS




P.- at Inin is representative of where the mode should be found experimentally. but

J this is not precisely accurate. The i, does not coincide with optimum efficiency

::; which will be discussed in Section 2.3.

X

j: The final consideration of the linear theory will provide a more reasonable ‘
e view of the mode spectrum. This is a computer code developed by Kreischer {47
which provides plots of starting current values as a function of the magnetic field.
. The program is based on the formulation outlined in this section. restricted to

. the thin annular electron beam with no velocity spread. An arbitrary longitudinal
. profile may be chosen and the code allows for higher harmonics. Equation (2.21)
-. is evaluated over the desired range of r after f(z) and n have becn specified.

Figures 2.3a and 2.3b are the linear code computer plots of the second har-

monic 0.3.1 and whispering gallery cavity spectra over the 4.0 to 6.0 tesla range.

The vertical scale is now linear from 0 to 10 amps. The Gaussian field profile was

’

chosen and n = 2. To satisfy the computer program input requirements in con-

PR
L)

sidering all possible modes, some averaging of several equation parameters such

‘)

o as Q.1 and L.y was required. This procedure and the approximations made

o 1
.. in the derivation of the Gaponov equation account for the minor /., differences )
¥ between Figures 2.2 and 2.3, |
® {
o] , . . . . . . .

- The broad range of mode excitation is now evident for the 0.3.1 cavity in \
- 9
s . : : . y
o Figure 2.3a. Again space on the plot did not allow naming all of the modes. but )
) 9
. several of the more isolated and lower starting current modes are labelled. As an

e example of the discussion concerning the domination of one rotating mode over

IR the opposite rotation. both the TEy 4, ) and TE4 4., modes are shown at

®
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- about 4.35 tesla. The TE, 4 (- lies within the TE, 4,1(4) excitation range at a
higher I.., and should not be experimentally evident. This consideration is ap-
plicable to a limited extent between adjacent modes, although mode enhancement
. or suppression by adjacent modes was not considered in the single mode analysis

presented here. Likely examples of this phenomenon are the TEg 3 ;(—) and the

-
_:".; TE; 3,1(~) which are the unlabelled lines lying within the TEg 5 1(-) excitation

s zone at about 4.17 tesla. As a first approximation, the TE 3; mode would not

. be expected to appear. though it is shown above threshold on Figure 2.2a.
- The whispering gallery plot shown in Figure 2.3b again shows the reduced

. mode excitation spectrum. The seven modes predicted to be above threshold by

- the Gaponov calculations are shown as well as the TE; ; ;). The discrepancies ::‘
- between the starting current values in the figure and the values in Table 2.2b are 7

-
{ accounted for by the parameter averaging procedure which was used to produce !.
~ R
N computer plots of I.; for all the modes on the same graph. K
N

3 :
- The mode excitation calculations presented are the most uscful aspects of r
: 1
the linear theory. However, theoretical predictions of efficiency and output power ‘.
.: require the nonlinear theory applicable bevond the y ~ &< regime. -
‘ 2.3 The Nonlinear Theory of the Gyrotron )
S y
¥ Gyrotron operation at optimum detuning and current is generally well beyond ;:
' R
‘- the limits of applicability for the linear analysis. Realistic estimates of output ™
q )
- power depend on a nonlinear theory. -
{ ~
2 - . . . . N
> I'he slow time scale analysis is based on the work of Soviet theorists. The ~
'~ Y
- ~
"i general derivation is outlined by Flyagin in 48 although the formulation appeared :'
- 52
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earlier in [7]. The theory leads to two dimensionless coupled differential equations

‘ relating the particle dynamics and the electromagnetic field. The equation de-
‘? scribing the electron motion in a combined RF and static magnetic field in the
L'E weakly relativistic limit is credited to Yulpatov in several Soviet papers includ-
4 ing i49]. B. Danly of the MIT Plasma Fusion Center rederived the equations in
::.; terms of the Soviet parameter definitions. His development is reconstructed in the
N

[
4y

following subsection.

=y

r
.

:,. The difficulties inherent in the nonlinear analysis necessitate a single particle
-
\‘t‘.
v approach. This is equivalent to a delta function for the electron velocity distribu-
D
) tion function as discussed in the linear theory. Other restrictions include a weakly
.:‘:. |
::'.-: relativistic beam, again only retaining the ~ in the denominator of the cyclotron |
.-'-jf: frequency. Additionally, space charge effects will be neglected.
L e *
o — Derivation of the Slow Time Scale Equations —
‘ :-',_: The coordinate system remains the same as for the CAVRF description, with
' the z-axis aligned with the static magnetic field and the gyrocenter as the origin
\
e in the r-y plane. The Lorentz force equation for an electron in the RF and static :
|
e magnetic field is
0 dp -
o T elfae B)] . (2.34)
g dt
\:_:
¢ ::::: This equation is separated into perpendicular and parallel components with respect
\-\
'-" . v . ~ . v S . .
.'_ to the z-axis. Neglecting the RF magnetic field. the B in equation (2.34) represents
:::-j the static magnetic field only. The electric field component £, = 0 for TE modes,
&_”,:
..’l
¢'
=%
®.
e
L4 «
) 53
,::n'
e
v
5

..'-\‘..\\\'aﬁ'.\'\'-.- p -y - ... - "ff

Wy W TR W Wy W
Ve .

i



so the parallel component equation yields p, = constant. The equation describing

motion in the transverse plane is

P o we(F. % 3) = —ef (2.35)

where p; is the nonrelativistic perpendicular momentum mv,. The position and

momentum vectors may be written in terms of complex variables R and P defined

n oy po- P (530

Mmew,

p.~ P _-p_e7 and 7 - R=reF 7

The 7 -2 phase difference between R and P is representative of the circular motion

about the gyrocenter. The perpendicular equation of motion (2.35) is now written

oP =
T tweP = —ef . (2.37)

The fields must be converted to a complex notation. With the condition of a
slowly varying radius along the z-axis condition, the fields are separated into
longitudinal and transverse components by f(r,y,z,t) = Re f(z)ES(x,y)e"“" .

For TE modes. the transverse field components (E.) are derivable from the scalar

function ¥ .
E. % W. where V. satisfies V"j |\ /. k"_’\]l,» =0 (2.38)

The function W. may be expanded in a Fourier series in terms of an angular

variable 8 about the axis of gyration.

Vo Y wg(r)e (2.39)

¢
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Using Flyagin’s notation, the part of the field moving in synchronism with the

electron and therefore interacting the most efficiently is Esynch which rotates at
the nt? harmonic of w..

—

Esynch =zxV_ V¥, (240)

Here the ¥, is given by ¥,, = ¢,e~ "% which may be expressed as
WV, = Aprte ™ = A (R)™ . (2.41)

The R in the equation above is the complex position coordinate defined in (2.36).
The field phase § measured from the zr-axis may coincide with an arbitrary initial
electron phase 7.2 because there will be an ensemble average over y in the
cfficiency determination. The complex form of the equation (2.38) combined with

equation (2.41) yields
Ecyneh = =1V ¥, = —iA,V(R)" . (2.42)

The goal is to find an applicable complex form of E(J:, y, z,t) written as f(z)Ele™!.
With f(z) real. £’ must be chosen to satisfy the following two conditions which
feads to the stated result.

£-& - f(z)Re(E'e'=") )

Vo E E'ﬁ.y,,ch-j‘ = —iA,,n(R')"_] (2.43)
E-g  f(z)Im(E'e") l

Writing the position variable R in terms of P by the relation (2.36) and substi-

tuting in for - e& on the right side of equation (2.37) produces the equation

apr ei"A,n L
e = (pr] wt 2.44
0[ Tw (mew(v)n,l ( ) fc ( )
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The complex momentum P may be converted to the slow time scale momen-
tum p by the relation

P = pe . (2.45)

Combining this with Flyagin’s definition of ¢

et"A,n
= — 2.46
< (mewe)n! (2.46)
vields the slow time scale equation
dp (* . T
i (E ) p - ey . 2.47
A G F R IR I (2.47)

The equation is written in dimensionless form by converting to the dependent

variable ¢ and the independent variable ¢ defined by

(2.48)

The dimenscionless ¢ represents the momentum normalized to its value at the start
of the interaction region. All of the “(¢)” superscripts indicate the parameter
value prior to the interaction. This is a necessary distinction since ~ is changing
throughout the cavity., The normalized longitudinal coordinate ¢ is related to p
defined in equation (2.27) by ¢ = (2/Les)u.

Fquation (2.47) in terms of these dimensionless variables is

dg . 2 w L mo1
()\ -1 :9(;)‘;‘?”') (; -H‘) qg = 7((] ) ? (249)
2
where ? N I.ffp{‘)) n-2 ( . ,( y ) f . (25())
d\‘ .«,"-‘
56
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The bracketed term on the left side of equation (2.49) may be simplified by the
following approximations and the definition of the Soviet detuning parameter A.
Since pj is constant, ’7(°)ﬂ|(|o) = vB);. The weakly relativistic approximation com-

bined with w =~ nw,. allows

it ()

The A is a measure of the off resonance condition and is defined explicitly as

=A+lg*-1. (2.51)

2 c = ! 2
A = ET’TZ (LF‘__‘__) = A= —71 . (2.52)

The statement after the arrow relates A to the detuning parameter x and the

. - normalized cavity length u introduced previously.
:E:_{:f The derivation is now complete to present the Yulpatov equation in the form
- appearing in |48].
¢ : 9q . 12 S oaym—1
o) — +i(A+ g’ -1)g=1i(¢)" 7 (2.53)
) aS‘
o4
::-::: This equation describes the electron dynamics during the interaction. To describe
) the fields, Maxwell's equations may be used to arrive at
ENY
R d? . ) -
e AL IS Y / drdyd.  E (2.54)
o dz? ' N.. ‘
-~
o
.T where
_:.": 2n
A w - 1 ~
PN Ne= — /d:r,dy’\lls‘2 and J, = — /J(t)e‘“‘”d(u.vt) . (2.55)
.-:_.‘ ris . 274’
..-:._ 0
. Assuming an infinitely thin beam at r = r., the transverse current density may
S
'-:.'- be written in terms of the charge density p = -1/v,.
N |
L N0)
. nad P
‘ -
S Ji(t) =p—6(r—r 2.56
0. .l.( ) /’7ne ( e) ( )
e
"’)o "~
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This combined with E, = E! given in equation (2.43) yields

[ O SRR A Ay

J TR —i
N /d:cdyJw -E; = x(P"e “’t>wt“ . (2.57)

Here the “< ... > ;" represents the integral of the bracketed quantity with respect
to wt over a period, divided by 27. The substitution t — t,, where ¢, represents
the time that the interaction begins, is permissible because the v.; determining p

is a constant. The \ in equation (2.57) is defined as

pdyna,
N Pt e 2.58
A I Nofimew ) ( )

Equation (2.54) now becomes

PPN T PR VN e T W | | WRETNBL v I N PLIN W W S S Y

dzf 2 / - \ n

ds? kif =x(Pre ™ -~ xp" . (2.59)
b the last step a result of converting to the slow time scale defined by equation (2.45).
;;::' All that remains is changing to the normalized variables ¢ and ¢. Omitting the

algebra. the resulting equation is

~ of ,,
o, o~o f Idq" {2.60)
e doe

~;

N . . - . . .

) Here the dimensionless current 7 and 6 are normalization factors.

e

b

- 2 kv Relv R o

::' o ()2 (-) and I = - -) o n- .'17, - r( b2im (2.0])
o {0 o ' o) o3
‘ 3 “o }\Sd( w. o,

The 7' in the definition of I is the slow time scale equivalent of R defined in

equation (2.36). The primary results of the slow time scale derivation are now

':-‘..l..ﬂsllll..“ [ T¥EXNS

restated.
o aq :
- . 9 ooaan- 1 .
s 5 (A~ (g~ V)g-i(g)" 7 (2.62)
:.. A
Cal
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552— + sz =7 (q >wt,. (263)

These two equations are coupled by the f which is in the definition of ¥ in
the first equation and the explicit appearance of ¢ in the second. Equation (2.63)
is the generalization with a source term of expression (2.8) solved for by CAVRF.
Since g(¢) represents the normalized momentum of the electron as it traverses the
resonator, ;¢(¢.ut)'? represents the energy lost by the electron at the completion
of the interaction. An ensemble average over the input phases of the electrons will

produce the perpendicular efficiency by the relation

27
1 9
ny =1~ ? /d'ic‘o‘q(gout);- (2‘64)
v
8]

where the integration variable ¢, represents the input phase in the boundary
condition ¢{“) = e?¥-. The electronic efficiency n.¢ and the output efficiency n are

then calculated by equations (2.5) and (2.6).
Application of the Slow Time Scale Theory ——

The intractable nature of coupled differential equations requires a numeri-
cal analysis. and most theories make further approximations to reduce equations
(2.62) and (2.63). A particularly uscful approach was formulated by G. S. Nusi-
novich and R. E. Erm '8 . Their simplification was based on the premise that
for high Q cavities. the longitudinal profile function f(z) is fixed by the cavity
profile. For most applications. the Gaussian function specified by equation (2.12)

will provide the approximation for f(z). In terms of the normalized parameters

fg) = e B, (2.65)
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This approximation, discussed extensively in deriving the Gaponov equation in

Section 2.2, eliminates the consideration of equation (2.63) altogether. The result

is a single, first order differential equation which may be integrated numerically.
The equation treated by Nusinovich and Erm was of the same form as (2.62),

but differed slightly in the definitions. The exact equation listed in their 1972

paper is

da

% (a e Na=ia (QF . (2.66)
[y n

The definitions of ¢. g and A remain the same, but the F which appears in the

same position as Flvagin's 7 from (2.50). is defined by

oA g ! K 67
Frogd ™ (grag ) menlbare) (2:67)

The ficld equation equivalent to (2.63) is not listed in their paper because they
have assumed a Gaussian for f(¢). but the normalization leads to a definition of
their dimensionless current I, different from the I appearing in Flyagin's analysis.
N 2(3-mn)

. . R L.y’ PrIn s g 2
1. 0241(Q-10 % (‘h’g‘) ( A’-) (?nn') G (2.68)

N The 7 is the same beam interaction term defined by equation (2.28) which appears

in the Gaponov linear theory equation. The expression for I.. is dimensionless for

-, a beam current 1 in amps.
"y
i
- The results of the work by Nusinovich and Erm were plots of 5, and optimum

s detuning A, over ranges of the parameters F, u and I,. This was accomplished
by specifying a value of F. i and A, then integrating equation (2.66) over the range

of ¢ from '\;p 1o 4 X,;'u. The parameters were held fixed while the integration
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was performed 32 times with separate input phase ¢, values. This allowed a
numerical integration of equation (2.64) and calculation of n_. The procedure
was repeated varying only the A in equation (2.66) until the value of A which
produced the highest efficiency (A,,:) was located. By running the algorithm for
many values of F and g, isoefficiency curves and the values of A,;; were plotted
against F and u. At each value of F, u, and n_ corresponding to Ay, the value

of 1., was computed by the equation
.= Fip 1p2-m (2.69)

which is derived by equating the RF power gain and the power given up by the
beam. The generated graphs of . and A,,; against specific values of I, and p
are extremely useful in predicating gyrotron efficiencies at particular operating
conditions.

Figure 2.4a is the plot of ., and A, as a function of /, and u which resulted
from the integrations at the harmonic value of n = 2. Figure 2.4b is the same
tvpe of graph but differs by the integration length used. A greater extent of
the Gaussian profile function is included on the cavity input side in the data
represented by Figure 2.4b, by integrating ¢ from —v/3u to + 325";1. Both results
are credited to Nusinovich and Erm, Figure 2.4a is from their 1972 paper |8, and
Figure 2.4b was included in the publication by Gaponov et al. 45;. Both figures
have linear scales on the horizontal axis for z and log scales on the vertical axis
for /... but caution should be used in comparing values directly because the relative

scales are not the same.
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The isoefficiency curves are labelled by their n; values. The dashed lines

represent the A,,; value which yielded the given n,. The highest efficiency pre-

' dicted at the second harmonic by Figure 2.4a is 72% corresponding to I, = 20 and
\‘: u =~ 18. The highest n; shown in Figure 2.4b is 76%, but it occurs at I, =~ 200
*2 and p = 50. The higher efficiency in this region by the second graph is a result of
the longer field interaction on the input end prebunching the electron beam and
:.'.: enhancing efficiency. However, in gyvrotron design considerations, the long cavity
::,-: lengths described by this large value of y are unattractive because Qp ~ 2, and j-
N

:'E the higher overall ) values reduce the output efficiency n by the relationship (2.5).
':;" In practice. the specific operating conditions and cavity length determine I,
-_ and x4 which are then used to calculate n, and A,,; from the figures. In the
?; present study, efficiency calculations were made for all of the second harmonic
: modes predicted to be above threshold by the linear analysis. The results of those [
‘; calculations are presented in Tables 2.3a - 2.4b. The shorter integration length in
:;-' Figure 2.3a generated the values presented in the first set of tables. Table 2.3a is
- for the 0.3.1 cavity and Table 2.3b is the whispering gallery cavity data. The longer
{: integration length represented in Figure 2.3b was used to compute efficiencies in
:'.-: Tables 2.4a and 2.4b.

L]

:- The values of g ranged from 15.8 10 21.7 for the modes evaluated in the 0,3,1
::'_ cavity. The whispering gallery modes with a shorter Leg. produced u values from
.i: 10.5 to 13.6. The parameter /. was calculated by equation (2.68) for a beam

Wl
" & w

current of 5 amps. As shown in the tables. the resulting values of I, ranged

NG
W

from 0.4 to 3.2 in the 0.3.1 cavity and from 0.52 to 0.81 in the whispering gallerv

l.. . k‘
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Table 2.3a — 0,3,1 Cavity w =~ 2w, Efficiency Calculations
Nusinovich and Erm — 1972
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e
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o
-
’
1 o
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----------

Integration Length of —‘/75;; <¢<

m 1, F Agpe n1 (%) n (%)
TE, 5 1(4) 15.79 1.3 0.042 0.31 33 20
, 16.13 1.6 0.047 0.33 37 22
TEg 2 1(-) 16.15 2.5 0.066 0.37 46 26
TE 4 41(+) 16.72 0.81 0.026 0.18 23 14
17.04 1.6 0.045 0.32 37 22
TE10.2.1(- 17.13 2.5 0.063 0.37 46 25
17.15 0.90 0.027 0.19 24 14
. 17.19 1.4 0.041 0.30 35 20
TEs.41(-) 17.85 15 0.041 0.31 36 21
TE331.2,3(- 18.10 2.4 0.057 0.35 44 23
TEg3,1(4) 18.24 1.2 0.034 0.30 33 18
TE3 5 1(+) 18.25 1.4 0.039 0.30 36 21
18.97 2.2 0.051 0.34 42 24
TE122.1(- 19.06 2.1 0.049 0.33 42 21
TEg 3.1 ) 19.28 0.99 0.027 0.18 28 15
19.44 0.96 0.024 0.25 24 14
19.71 0.97 0.021 0.24 24 13

19.80 0.40 0.011 0.15 18 9.9
20.02 1.7 0.040 0.31 38 19
TE7 41,., 20.07 2.8 0.056 0.35 46 2%
TE 031, 20.31 0.79 0.024 0.20 30 16
TEs5.1(.) 20.60 1.7 0.039 0.29 38 21
: 20.94 1.8 0.039 0.29 38 21
TE 421 20.98 1.3 0.032 0.23 34 16
TE; 7 1(-) 21.10 1.7 0.038 0.29 37 20
TEg 4.1(+) 21.16 3.2 0.053 0.35 48 25
21.32 1.7 0.037 0.29 38 19
21.66 1.8 0.038 0.31 38 2]
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- Table 2.3b -—— Whispering Gallery Cavity w =~ 2w, Efficiency Calculations
Nusinovich and Erm — 1972

..
a2 . e

2

":': 5 iz
" Integration Length of - u < ¢ < + 3 p
s
:.:: MODE M ]o F Aopi n.: (%) n (%)
o
< TEo 1., 1056 081  0.025 0.28 8.5 5.1
TEi01.(-) 1124 081  0.027 0.28 12 6.9
TE11 1.1(-) 1192 080  0.028 0.27 13 78
TEyz11(-) 1261 077 0026 0.26 14 8.1
TEs 21(-) 1277 052 0.0089 0.21 2.4 1.6
TEys11(-) 1331 073 0024 0.25 14 8.0
3 TEo1(5) 1355 053  0.012 0.21 48 3.1
vd
v
L4
)
o
1
’:-‘
@ {
N
:' 65 1
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Table 2.4a — 0,3,1 Cavity w ~ 2w, Efficiency Calculations

Nusinovich and Erm — 1975
Integration Length of —/3u < ¢ < +

a_'n. 4"

0%

SRR

PR YOO
RN ‘:'- K 'n.v

.
\{

;.I‘.-".'o‘

<~
4 0

n\’l

DRI ST TR T S,
TP I IS N PP RGN

A(-)
JI(-)
()
d(-)

4.1(+)

3.1(-)
TEg5.1(-)

URC I AT AL L

15.79
16.13
16.15
16.72
17.04
17.13
17.15
17.19
17.85
18.10
18.24
18.25
18.97
19.06
19.28
19.44
19.71
19.80
20.02
20.07
20.31
20.60
20.94
20.98
21.10
21.16
21.32
21.66

I,

1.3
1.6
2.5
0.81
1.6
2.5
0.90
1.4
1.5
24
1.2
1.4
2.2
2.1
0.99
0.96
0.77
0.40
1.7
2.8
0.79
1.7
1.8
1.3
1.7
3.2
1.7
1.8

0.041
0.046
0.064
0.026
0.044
0.061
0.027
0.040
0.040
0.055
0.033
0.038
0.049
0.047
0.028
0.027
0.023
0.016
0.039
0.054
0.023
0.038
0.038
0.031
0.036
0.055
0.036
0.036

66

Aopt

0.30
0.31
0.35
0.19
0.30
0.35
0.23
0.29
0.29
0.34
0.25
0.28
0.32
0.31
0.17
0.29
0.19
0.13
0.30
0.33
0.18
0.29
0.28
0.21
0.28
0.33
0.27
0.29

n. (%)

32
35

9
()

)

36
43
24
34
34
41
31
34
40

da WY KD S 0 W
[ IVENe> B et B0 TV N @ B Vo]

28
36
36
32
35
43
35

n (%)

19
21
24
14

21
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Table 2.4b — Whispering Gallery Cavity « ~ 2w, Efficiency Calculations
Nusinovich and Erm -— 1975

Integration Length of -3y <7 ¢« - M2

» ” il '.-'
PSSy

.
L

<
o
o
o]
®

I, F Doyt n. (%) n (%)

=
=
©

10.56 0.81 0.026 0.28 9.1 5.5
11.24 0.81 0.028 0.27 12 7.2
11.92 0.80 0.028 0.26 14 8.1
TE;21.3 ) 12.61 0.77 0.027 0.25 15 8.3

TEg 5 4,-, 12.77 0.52 0.010 0.20 3.1 2.0
TE 3,4, , 12.3 0.73 0.025 25 15 8.2

TEo,;, ., 13.55 0.53 0.013 0.20 6.0 3.8
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cavity. From the isoefficiency plots, it is evident that the optimum efficiency at

the second harmonic in the 10 < u < 20 range occurs at values of I, ~ 20. Since
1, ~ I, the optimum efficiency would require an order of magnitude increase in
beam current.

These low values of I, which model the experimental investigation require a
large degree of interpolation in using the graphs. The problem is most obvious for
the /., - 1 situations. which would plot below the horizontal axis in Figures 2.4a
and 2.4b. The solution was a computer code developed by B. Danly at the MIT
Plasma Fusion Center which solved the differential equation (2.66) in terms of the
same parameters defined in (2.67)  (2.69). There are two versions of the code
to allow investigation of both integration lengths discussed previously, and 32
steps are included in the integration over input phases. The program reproduces
the Nusinovich and Erm results. but is more flexible by allowing investigation
over sclected ranges of F, u and I... with results available in either tabulated or
graphic form. This code produced all of the values of 7 _ listed in Tables 2.3a -
2.4b.  The last column in each table lists the output efficiency 7. related to 7
by equations (2.5) and (2.6).

‘

The dargest value of y  listed in Table 2.3a for the 0.3.1 cavity is the TE, 4.+
at AR with the lowest efliciency belonging to the TEqq,; with . = 18%. In
contrast. the whispering gallery cavity results for the short integration length
show 2.4% - n < 14%. This difference in second harmonic mode efficiencies

would be expected from the linear results, where the stronger modes in the 0,3,1

cavity had /.1 = 0.5 amps and for the whispering gallery cavity /.. = 3.5 amps.

6%
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Comparison of the results between the two integration lengths reveals that
the differences in 7, are generally limited to less than 3%. Specific trends indicate
that the isoefficiency contours are more closely spaced for the shorter integration
length producing a greater range in the values of .. The two lengths produce
the same results at n_, ~ 30%. For 5. > 30%. the values tabulated in Table 2.3a
are greater than those in 2.4a and with n_ < 30%. the opposite is true. The
trend is supported by the whispering gallery cavity results which are in the low
efficiency regime. consequently the values of 7 in Table 2.3b are lower than those
in 2.4b. This analysis is valid only over the ranges of I, and u covered by the
tables. Figures 2.4a and 2.4b show that the relative contour spacing between the
short and long integration lengths varies between different regions of /., and pu.

As a final consideration of the slow time scale nonlinear theory, it should be
mentioned that Fliflet and Read {50! have developed a self-consistent numerical
solution to equations equivalent in content to (2.62) and (2.63). By solving the
coupled equations with an iterative procedure until a specified tolerance is reached,
the resulting solution should yield increased accuracy over the simple assumption
of a fixed functional form of f{z). The code was applied to the 0,3.1 cavity
TV .2.0¢ ) mode in the linear limit, but a large discrepancy between the results
and the Gaponov and linear code predictions cast doubt that the program was

executing properly at the second harmonic.
-- Fast Time Scale Efficiency Calculations --

In the derivation of equations (2.62) (2.63). a slow time scale momentum

variable p was introduced as defined in (2.45). This variable eliminated the change
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‘;E'{ in momentum due to the cyclotron rotation. Therefore dp/dt = 0 in the absence
. ( of any interaction with the RF field.

A computer code in use at the MIT Plasma Fusion Center integrates the
particle equations of motion in terms of the fast time scale momentum P intro-
duced in equation (2.36). Initially developed by K. R. Chu of the Naval Research
Laboratory, the program also differs from the derivation of the slow time scale
equations by including the effects of the RF magnetic field. Because the code in-
tegrates along the actual particle trajectories with the full interaction of the high
frequency fields. it is referred to as a particle integrator. The penalty for the more
complete system of equations is the increased computer processing time required.

Chu eliminated the need for the ficld equation (2.63) by assuming a sinu-
soidal profile for f(z). This differs from the approach of Nusinovich and Erm
who modeled f(z) with a Gaussian. A significant modification of the original fast
time scale code was developed by J. Schutkeker of MIT. The new version accepts
the actual cold cavity CAVRF field profile as a tabulated function for f(z). The
perturbing effect on the fields by the electrons is therefore not included, but the
CAVRF profile should provide a more accurate representation for f(z) then either
a Gaussian or sinusoidal function.

:-_': The particle integrator requires as input a normalized version of the CAVRF
:E_:: output. the detuning parameter r defined in (2.20). and the normalized field
o strength £. In terms of the parameters defined in the Nusinovich and Erm theory,
PR (2"1'_7:!) . (2.70)
Joon(bor)) nn
.r:;.a
y 70
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Here the B is a normalized magnetic field given by B = ynwr, /e. The F is

defined in equation (2.67) and may be used to relate E to the field amplitude A,
with the result £ = 24/n.

In execution, the program separately evaluates each input value of z and E.
The code uses the CAVRF diffractive @ value and E to compute an output power
by Pout ~ E2/QD. The input power required to produce this P,y is determined
by the 5., value from the integration along the electron’s trajectory. The final step
simply solves for the beam current needed to produce P;, at a specified voltage.

The correct value of E at optimum detuning r,,; must be found which pro-
duces the value of I representing experimental operating conditions. The z,p¢ is
optimized with respect to . for a given value of E. A reasonable estimate of the
correct value of E is given by first performing the calculations in the Nusinovich
and Erm slow time scale theory, then using the resulting F value in equation (2.70).

In a similar manner, ., is related to A, by

Aoy
Topt - -42' ‘. (2.71)

These estimates of E and I will be accurate only to the extent that the calcu-
lated efliciencies between the two theories agree.

A< a verification of the accuracy of the particle integrator results at the sec-
ond harmonic. the code was run in the linear limit for the whispering gallery
TEj2.0.1( ) mode. The linear limit was confirmed by inputting several low values
of E and checking that 5 ~ E2. The current at these values is equal to I.r. To

compare with the Gaponov results. a Gaussian function was used for f(z) instead
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\ of the CAVRF profile function. The only difference between the theories under
\ these conditions should be the consideration of the RF magnetic field by the parti-
7.

." cle integrator. The agreement was very good. with the Gaponov equation yielding
'_t_: I.. = 3.3 amps and the fast time scale code producing an answer of I.; = 3.45
>4 amps. Additionally. the Gaussian function for f(z) produced an overall efficiency
calculation of = 7.1% at 5 amps for the same mode. This is close to the slow
- time scale result of n = 8.1%7 shown in Table 2.3b.
:::;. Efficiencies were evaluated for ten modes in the 0.3.1 cavity using the full
: capabilities of the fast tine scale code with the CAVRF longitudinal field distri-
; bution and two separate integration lengths. The values presented in Table 2.5a
E‘ resulted from using an integration length of —%?'u L ¢ < - \f similar to Nusi-
o

"-\.“ novich and Erm 1972. The longer integration length of ~2v3u < ¢ < +2V3u

o~

produced the efficiencies listed in Table 2.5b. Besides the predicted values of 7.,

-.l

o and n. the corresponding values of E and z,,: are shown. The results correspond
"
" . . M - - . . .. .
- to V. 64.3 kV and 1 = 5 amps. The long integration length efliciencies were
)
(») .

N slightly lower than the short length results. but the number of modes evaluated
..‘,
. . .
e precludes reaching a general conclusion.
oL Table 2.6 compares the slow time scale and fast time scale results for these
L]

:.\ ten modes. The particle integrator consistentiv calculated lower efliciencies than
.

.,

~ . . . . - . . . .

N the Nusinovich and Erm theory predictions. The relative differences between the

computed values varied between the modes selected. The TE;; 2 ;). TE 22

&
.

and TE 5., ) showed the best agreement and the largest disagreements were

r
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Table 2.5a — 0,3,1 Cavity «w =~ 2w, Efficiency Calculations

TE10,2,1(-)
TE]],?.](*)
TE]2,2.1(')
TE]3.2‘](>)
TE7.441(‘)
TEg 5.

Fast Time Scale Particle Integrator

. 7 5
Integration Length of - ”73;1, <g¢ < +¥2—3u

0.33
0.46
0.51
0.55
0.59
0.62
0.50
0.55
0.56
0.60

Inpt

-2.0
-2.8
-29
-29
-3.0
-29
-26
-2.9
-29

3.0

Nee (%)

18
27
27
26
25
24
19
22
22

23

n (%)

16
22
21
20
18
17
15
18
18
18
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Integration Length of - 2y/3u < ¢ < -

E

0.30
0.44
0.49
0.54
0.58
0.58
0.48
0.53
0.54
0.59
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.......

Fast Time Scale Particle Integrator

Nes ((L{)

16
25
26
25
25
21
18
22
21
23

2/ 3u

Table 2.5b - 0,3,1 Cavity w =~ 2w, Efficiency Calculations

n (%)

14
21
20
20
18
15
15
18
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{ Table 2.6 — 0,3.1 Cavity w ~ 2w, Efficiency Calculations Comparison

s
1
|

(1

EFFICIENCY — 5 (%)

a5

NUSINOVICH and ERM  PARTICLE INTEGRATOR

[y
@'l

k!

MODE SHORT LONG SHORT LONG

X, 4ty Ay
S L

TE15.1(+) 20 19 16 14
TEo 21/ -) 26 24 2 21
TE1042.1(-) 25 23 21 20
TE112.1(-) 23 22 20 20
TE;2.2.1(- 21 20 18 18
TE1321(-; 19 18 17 15
TE7.4.1(-) 25 23 15 15
TEs 5.1 | 21 19 18 18
21 20 18 17
25 23 18 18
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with the TE, 5 ;(;) and the TE7 4,1(~) modes. The particle integrator calcula-
tions for the whispering gallery cavity continued the trend of lower efficiencies by
predicting all of the modes to be below threshold. Because the fast time scale
program agreed reasonably well with the slow time scale theories when input with
a Gaussian, the major source of the discrepancy was believed to be the difference

in field distribution between the Gaussian and the CAVRF profile.
2.4 -« — -2u. Efficiency Scaling

The slow time scale nonlinear theory with the Gaussian approximation for
/(=) suggests a method of estimating efficiencies at the second harmonic from
the operating parameters at the fundamental. The simplicity of the efficiency
determinations using the Nusinovich and Erm plots (Figures 2.4a and 2.4b) is
the result of having reduced n; to a function of the two parameters I, and u.
By deriving a scaling law Letween /., at the fundamental (I.(n--1)) and the second
harmonic (I, -2)) as well as deriving the relationship between H(n 1)and g p=2),
the graphs may be used to map regions of interest at the fundamental to the
second harimonic. This could provide a reasonable estimation of second harmonic
cihciencies from a device designed for operation at the fundamental. The following
analysis was originallv developed by R. J. Temkin at MIT.

The parameters necessary for the scaling aproximation are those in equa-
tion (2.27) defining ¢ and equation (2.6R) for I.. The derivation will be kept as
general as possible. though some assumptions will be made concerning the oper-
ating mode and heam placement.  All of the experimentally controlled variables

will be held constant.
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Using the approximation w ~ nw. ~ nB, a constant magnetic field value
T yields win=2) = 2w(n=1) — A(n=2) = 0.5X(,=1). Neglecting minor differences i

between the effective cavity lengths results in the expression

> <Le“) ~ 2 <L"ﬁ) . (2.72)
: A/ (n=2) A =1

This relation and cancelling the common factors in equation (2.27) yields the

relationship between u at the fundamental and the second harmonic.

Hin=2) ::’2#(11:1) (273)

To determine the scaling law for /., the ratio of /,(,,..2) 1,5 -1) is formed us-
ing equation (2.68). By eliminating the constants and using the substitution (2.72),
the following expression is obtained.

2 2
Ten=y 2 <ﬁ) ( A ) Q(n=2) G(n=2) (2.74)
].7(7lt]) n2 /B_L Leff (n=1) Q(n:]) G(n:])

To proceed further. an estimation must be made for the ratios of Q and G between
harmonics.

For the @ scaling. it will be assumed that the beam placement allows ignoring

’

the whispering gallery modes. From previous descriptions. the 0.3.1 cavity would

ol

Ly

meet such a condition. but obviously not the whispering gallery cavity. Neglecting

l'l“
Ly

the whispering gallery modes permits the approximation @ ~ @p. The expression

,’ .“.-' -

for Q1 is given by

sy
.."

2

e Leg 1

mar (20 ) —— 2.75

o Qv T( ) ) 1- |Ry Ry (2.75)
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where R; and R are the reflection coefficients for the ends of the cavity. The

t ]—:ﬁﬁ term will generally be slightly larger for the second harmonic. but disre-
garding this difference, Qp ~ (L‘X‘i)2 vielding
Qn=2) 4 | (2.76)
% @n=1) ;
: \' The G factor defined in equation (2.28) is obviously mode specific. By assum-
5

ing that the beam will be in a near optimum location to excite the second harmonic

'{' mode, the following coarse simplification can be made for both then - 1andn — 2
\
:i'.: modes.
‘ :~ .]2 k.r
° ————’”f"( v (2.77)
J (Wmp)
= This reduces the G factor scaling to
2
. 2 2
{ G(n=2) [”mp(nzl) Min= )]
' G ~ (2.78)
. = 2 _ m2
o (n=1) [Um;:(nzﬁ) m(n:,‘,)] 3
I‘? :
::1" Having already disregarded whispering gallery modes. now neglecting other ex-
N
) treme “surface” modes allows the generalization v, - m*. The resulting sim-
Py plification is given by
= . 2 2 2
Ginza) | Ymptn=) | Kooy Ao ) (2.79)
N ~ 2 ~ 2 ~ 2 bl . -
G(": 1) Vm;r(n:2) k_i_(n: 2) /\(rtfl) 1

This scaling factor was checked against actual G value ratios computed using the

wall and beam radius values applicable to the 0,3,1 cavity. Modes were chosen

" IO O
B PSSR RN T

> such that vy, (n=2) ® 2V (n=1)- The results produced a range of G(,, 2, G (.
>

:::j ratios from 0.12 to 0.46. 1t appears that the scaling is accurate to within a factor
) of two with the included mode restrictions and beam placement assumptions.

\':j -
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Expressions (2.76) and (2.79) for the @ and G ratios cancel each other when

substituted back into equation (2.74). The remaining factors are easily written in

terms of u(n—y). !

2 ﬂ” >2 ( A >2 232 .
Il Bl % = = 2.80 :
71'2 (B_._ Leﬁ (n=1) ﬂ%n*l) ( ) ;

The final expression for I,(,—2) in terms of 1, at the fundamental is

23°%
]('(n:—2) ~ 2 T ](»(nf)) . (2.81) :
(n=1}

:

y

This result should provide a reasonable estimate of /.., -5, to within a factor ;

of =~ 2.5. The expression is not useful in consideration of specific modes, but \

[ ]

will provide an order of magnitude view of /,(,.,). and therefore 7 (,-3). for a .

particular range of I, and u at the fundamental. .

An example of this scaling is graphically displayed in Figure 2.5. The two :

]

graphs in the figure are from Gaponov’s paper {45! describing the 1975 Nusinovich .

and Erm results. The plot at the top is applicable to the fundamental and the ;

bottom graph is for the second harmonic. The horizontal scales are the same t

" between the two diagrams. but the vertical axes of /. have diflferent log scales. .

£ . | | :

oA The dashed line on the n 1 figure follows the first ridge of contours rep- \

.-" L]

o resenting 1, optimized with respect to n over that range of p. This would be a :
-

. {

::: typical range of investigation for design of a gvrotron operating at the fundamen- :

- :

X tal. The long arrows down to the n =- 2 plot show how specific points on the dashed :

i . . . - Al .

7 curve map to the second harmonic by the derived relations (2.81) and (2.73). For !

::f this example, 4, = 0.38 was used in the calculation of /., .,. The dashed line :
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Fig 2.5 — w. — 2w, Efficiency Estimation

1,-10° |

1000 ¢

‘l
-
~
N
*
a
|
3
3
-
)

100+

300t

1001

1

10 20 30 40 50 60;11

80

»
N N N N Y N AN P N A TR IO A0 NN R TS AN P



s 2

e
DR
.

aH

Lt
i\
L
«ta’e

RN
Ve,

)
S

<

s
2, @
‘-.‘-.‘:'::\."1

A

o

a

on the n = 2 diagram is the map of the dashed line above. The vertical bars

extending from the mapped points represent the estimated range of error.

An interesting aspect of the example presented is the fairly constant value
of 77 on the second harmonic dashed line. The range of 5, extended from 45% to
72 at the fundamental. vet the scaled values of I, and u at the second harmonic
result in = 38%( = 2%, Even including the rather large error bars. the scaled
values still remain in a high efficiency zone with 25% < n_ < 50%. This would
be an area of concern for megawatt. n -- 1 designed gyrotrons. Such high levels of
second harmonic efficiency could damage components or degrade efficiency at the

fundamental.




Chapter 3
Description of the Experiment

The primary goal of the experimental investigation was to determine the pres-
ence of harmonic emission from the MIT gyrotron. Secondary objectives included
frequency measurement for mode identification, starting current determination
and output power level measurement.

N The MIT gyrotron is described in Section 1.2 of this paper. The 0,3,1 res-
ey onator cavity introduced in the same section and discussed throughout Chapter 2
was used exclusively in the experimental investigation. The whispering gallery
oy cavity has undergone initial testing at the fundamental. but the harmonic content
. has not been studied to date.

S This chapter will explain the procedures used in obtaining the experimental
results. The first section details the magnetic field scan to detect harmonic emis-

sion. Section 3.2 discusses the frequency measurement technique which allowed

-' l\ . . ry . 3 . . . -
~ mode identification. The third section describes the starting current determina-
T

e . . H

A tion and the chapter concludes by explaining the power measurement techniques
A

[ 2 in Section 3.4.
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3.1 — The Magnetic Field Scan to Detect Harmonic Emission

The primary objective of the experimental investigation was fulfilled by a scan
over the normal operating magnetic field range to detect the presence of second
or higher harmonic modes. The fundamental emission was mapped simultane-
ously over the same field range to correlate results with the possibility of mode
competition between the fundamental and harmonic modes.

Figure 3.1 diagrams the apparatus used during the magnetic field scan. The
radiation is coupled out of the gyvrotron through one meter of 2.2 cm diameter
oversized cyvlindrical waveguide. The fundamental and second harmonic receivers
depicted in the figure were placed in the far field radiation pattern approximately
16 inches from the end of the output waveguide. The receivers were aligned in the
same horizontal plane as the waveguide and placed symmetrically at 18° off axis
to coincide with the major lobes of the far field pattern.

The second harmonic receiver consisted of a 25 dB gain WR-3 band horn, a
one inch section of WR-3 band waveguide. a variable dial attenuator and a video
diode for a detector. The operational frequency range for WR-3 band is 220-325
GHz with a cutoff frequency of 172 GHz. The diode was a Bavtron model 4-06-
005 x waler in a Bavtron 4-06-105A detector mount. The fundamental receiver
used a 25 dB gain WR-6 band horn. a dial attenuator, Hughes wavemeter and
a Hughes model 47328H-1111 video diode. The WR-6 band has an operational
frequency range of 110 170 GlHz.

The diodes were chosen to be opli‘mizod for the frequency band. but both

showed sothe response in the other’s frequency range. Precautions were taken to
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ensure only second harmonic signals entered the 2w, diode and the fundamental
diode received only fundamental emission. In the first case. the fundamental
radiation was below the cutoff frequency for the WR-3 band waveguide and dial
attenuator used in the 2w, receiver. To prevent the higher harmonic radiation from
entering the fundamental receiver, a 2.2 inch thick piece of plexiglass absorber
was placed in front of the receiver horn. The attenuation at the fundamental
was measured by comparing relative diode signal strengths with and without the
plexiglass. The results showed an &.6 dB reduction in signal at 128 GHz. This is in
agreement with the /% scaling of the absorption coefficient which will be discussed
in Section 3.4. The success at preventing leakage of the higher frequency 2w,
radiation was indicated by placing the plexiglass in front of the second harmonic
receiver. This resulted in the complete loss of the strongest second harmonic signal
at 241 GHz, representing an attenuation of over 27 dB. As a final precaution, both
detectors were encased in a layer of Eccosorb material to prevent reflected RF
signals from entering the diodes.

The dial attenuator for the second harmonic receiver svstem was calibrated
allowing conversion of dial settings to relative signal loss. The harmonic emission
from a Hughes 140 GHz IMPATT device provided the radiation during the cali-
bration. The change in signal strength as a function of dial attenuator setting was
recorded. The variable attenuator used in the fundamental recciver system was
precalibrated for direct dB readings. Throughout the magnetic field scan, the rel-

ative signal strength was determined by adjusting the calibrated dial attenuators

to maintain constant diode output voltages. This method was preferred since it




SFTFIFIEETTN

:':-:' precluded damage or inaccurate readings caused by saturation beyond the linear
o
p response region of the diodes.

The diode signals were monitored simultaneously on separate channels of a

dual trace oscilloscope. Figure 3.2 shows pulse shapes from the second harmonic
and fundamental diodes. The 0.8-1.0 usec pulse lengths indicated in the figure
were typical throughout the experimentation. The high frequency noise prior to
the pulse is pickup from the high voltage power supply. The repetition rate was
4.16 pulses per second. The cathode voltage V. = 64.3 kV and beam current I = 5
amps listed in Figure 3.2 were held constant through the range of magnetic field
values.

The magnetic field was scanned from 4.0 to 6.0 tesla. The lower value of 4.0
tesla was chosen to ensure adequate beam quality. The upper limit ensured that
the fundamental mode frequencies remained below cutoff for the WR-3 band
waveguide used in the 2w, receiver. The magnetic field was varied in 0.044 tesla
increments. At each point the gun coils were adjusted to optimize the signal from
the second harmonic diode. The dial attenuators were varied to keep hoth diode
voltages between 10-40 mV. The measured signal voltage and dial attenuator
reading were recorded.

Figure 3.3a graphs the results from the fundamental diode. The TE; 3., mode
at 5.26 tesla provided the zero dB reference for the relative diode signal plotted

on the vertical axis. As noted on the figure. the diode response is frequency

dependent. Therefore. the peaks plotted on Figure 3.3a do not provide a reliable

measurement of mode intensity. For example. comparable power is obtained in
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Fig 3.2 — Fundamental and Second Harmonic Diode Pulse Shapes
I =5amps, V.= 64.3kV, B = 5.26 tesla

AR ANV
RrarA X
.n‘ ‘u‘ '- ,ll '

S
Horizontal Time Scale — 0.5 usec.cm
:'_.-EZ Top Trace — 2... Diode Signal into 280f) Terminator
:::j: Vertical Scale 20 mV,cm with 3.3 dB Attenuation
- TE4'5,1 Mode at 263.31 GHz
.‘-:‘:
v Bottom Trace - w. Diode Signal into 200Q Terminator

Vertical Scale - 10 mV' ¢m with 44.6 dB Attenuation
TE, 21 Mode at 137.35 GHz
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the TEq 3,) and TE42; modes, yet the latter yields a significantly lower diode
signal. The areas on the graph where there are no peaks correspond to no diode
signal with the dial attenuation reduced to zero.

The relative diode signal from the second harmonic receiver is shown in Fig-
ure 3.3b. The TE;; ., mode at 4.70 tesla provided the zero dB reference in this
case. The diode response is frequency dependent so conclusions concerning output
power should not be drawn by the relative peak heights. This is particularly true
of the TE: 2.; and TE7 5, modes at 4.12 and 4.40 tesla respectively. The TE7 5,
mode at 226 GHz is on the edge of the 220-325 GHz frequency band for the 2w,
diode. The TEg »; mode at 209 GHz is actually out of this frequency range and
the diode response characteristics could be quite different from its behavior at 241
GHz for the TE,; 2,; mode. The output power measurements using a calorimeter
described in Section 3.4 verify the misleading nature of the diode signal by show-
ing the Tk, 2.; to be a stronger mode than the TEg 2 ;1. The rest of the peaks
plotted above 5.0 tesla in Figure 3.3b are within the operational frequency band
of the diode and should provide some measure of relaiive mode strength.

The modes identified on both Figures 3.3a and 3.3b were determined by fre-
queney measurements, For the more stable signals at the fundamental. the Hughes
wavemeter included in the fundamental receiver provided an adequate frequency
measurement. However. an harmonic mixing syvstem vielded higher accuracy and
was more useful for some of the weaker or more erratic signals. This frequency

measurement system is the subject of the next section.
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- 3.2 — Frequency Determination by Harmonic Mixing
_F' A highly accurate and sensitive method of frequency measurement using an
..\‘

‘l.\. . » 3 Kl 3 . 3 .
o harmonic mixing technique was employed during the magnetic field scan to identify

. specific second harmonic modes. The method had been used previously for real-

gz ] . N

- time spectral analysis of far infrared laser signals |51 and has also been used
B to measure the bandwidth and frequency pulling of the MIT gyrotron at the
( fundamental 52
:.): . . . . . .

W The components of the mixer system are displaved schematically in Fig-
-.:t: ure 3.4. The RF from the gvrotron is heterodyned in the harmonic mixer with a
\J'.

ol harmonic of the lower frequency local oscillator (LLO). The resultant intermediate

.\: frequency (IF) is given by the following equations.

o

( Vryp = Noo Vo (upper) = Vir (313)
.::-

~ , {
"‘: Vrr = NyoVia(lower) — Yir (3.1b) q
o,

! Here v, yppery and v (,wer) Tepresent the fundamental LO frequencies corre-
I sponding to the upper and lower sidebands. The IF signal is amplified and then

::_\ processed by a surface acoustic wave (SAW) dispersive delay. This allows the 11 1
| 4 . . . L .
o~ frequency to be displaved as a function of time on an oscilloscope. )
) b
SN . . .

I When a second harmonic frequency measurement was desired, the 2., diode b
. .

N 9
J'v‘ . .. . . . . . . 9
SN signal was optimized by adjusting the magnetic field and gun coils. The receiver for 1
o |
.'::; the harmonic mixing system was positioned in place of the fundamental recciver :
-.. P
r:, shown in Figure 3.1 and the plexiglass absorber was removed. The harmonic ]
L :
.

"‘.‘ mixing receiver system consisted of a 25 dB gain WR-3 band horn. a two inch !
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section of WR-3 band waveguide, a dial attenuator similar to the jne used on the
2w, receiver, a waveguide transistion from WR-3 to WR-6 and a Hughes model
47448H-1002 harmonic mixer. The WR-3 waveguide prevented the gyrotron’s
fundamental emission from entering the harmonic mixer. The effect of reflected
RF radiation was minimized by a layer of Eccosorb around the mixer.

The LO signal was provided by a YIG tuned Gunn oscillator which produced
20 30 mW of output power in the 12 16 GHz frequency band. The RF frequency
range of 200-300 GHz required mixing with high harmonics of the local oscillator.
with 15 wn,. - 20. The fundamental L.O frequency was monitored by an EIP
model 548 frequency counter.

The variable gate coupled through an RF switch on Figure 3.4 allowed an
adjustable 250 300 nsec segment of the gyrotron pulse to be isolated. The variable
delay permitted various portions of the pulse to be gated. For the frequency
measurements during the present investigation, the gate was set to a 300 nsec
segment coincidental with the flattop of the gyvrotron pulse.

The SAW device was a LiNbO.. dispersive delav which analyvzed IF signals in
the 4170 370 NHz range by delaving them as a linear function of frequency. The
resultant time delayvs ranged from 1 to 2003 psec. By adjusting the horizontal
time scale on the oscilloscope to inchude the total 16.3 psec dispersive delay. the
100 Mz SAW bandwidth was displaved. In practice. a 2 psec div time scale was
converted to a 12.3 MHz div frequency scale.

Adjustments in the LO frequency resulted in linear changes in the IF fre-

quency by equation (3.1). The time scale on the scope was calibrated by changing
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the LO frequency until the displayed 1IF pulse disappeared symmetrically about
the midpoint of the horizontal axis. The pulse disappearance was due to exceeding
the 470-370 MHz bandwidth limits on the SAW device. thus the midpoint was

known to represent an IF frequency of 420 MHz. Because the higher frequencies

received less delay in the SAW. the left side of the scope represented vy, - 420

()
LI
Pl
s
L]

. :':a MHz and the right side of the scope displaved signals with . - 120 MHz.
The procedure for frequency determination involved scanning the LO fre-

N - &
T

«

quency until an 1F pulse appeared on the scope. The pulse was centered and the

¢

LO frequency was recorded. The pulse was identified as an upper or lower side-

NENY AR
,4'.5'- . .
] LI IR T

.
r

band by increasing the LO frequencey slightlv, If the pulse moved right indicating

Y

a decrease in 1IF frequency. it was identified as the lower sideband and the plus
sign in equation (3.1b) applied. If the pulse moved left when the LO frequency
was increased. it was the upper sideband and the minus sign in equation (3.1a)
Was appropriate.

The local oscillator harmonic number (1, ) could casily be determined be-

cause v was alwavs adinstea sucl that o 120 MHz. By locating both upper
atvd Jonwer ~sidehand Lo»n contier e caenbined in
0.1 Glly
‘?_- i (3.2)
o T 1
2
P
Lt . . . . . . .\ .
e At this point. evervthing on the right side of equations {3.1a) and (3.1b) was
] determined allowing calculation of the RV frequeney by either expression. The
A"':-.'
A instrumental limit on the accuracy of the frequency measurement was approxi-
\-'%l

mately 3 MHz.
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Table 3.3 Observed Second Harmonle Emission
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e The frequencies measured during the magnetic field scan and the second har-
monic modes they represem are shown in Table 3.1, Abo lir'ed are the wcaled
v, CAVRF frequencies from Table 2.16 and the magnetu ficld value where the {re-
o quenes was determined. The agrecmem between the wwwasured and theoretical
frequencies i gencralis within 0150 The Th 5 4 and the Th s 3 modes, whach
..
~ v . '
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Table 3.2 second Haruxmie Power Measurements

TE1s 4 Mode 24102 GH2 1 inch Calorimeter

" .47 AN LA [LLT W SN Thed [ PPV T “; P27 e ?

P gk rece [EENYT \ K ", 'lll“ r T fotany "‘,\‘ ',‘ 1“\ i “‘ \(l"'.l (‘\ " )

[ [ B X h XL pd | 2 Ue
' o "y [ Tl [ &Y ol s R A1
. N " 15 Y | 2e AR ¢

TE..4s Mode 240,02 GH: 4 luch Calorhneter
' CEIAN N, OEL e, 26 em LTy "eem b

IR WEEN 79 N B o TS AT Y [T POWER 1A W, RANGE (kW)

oo [N v L3 | 1 JAgl] L 1§
P PR o w i A | M S B
. 0oy [ [TIREE [ | 2 SR

Tho ;0 \ewie 200.43 ¢GHY 4 e b Calotitnetog

“ - t

a a . N - “ »
(I DR I B | PR I PR T . A PPN ]

o 1 <L s A | I AT I foaems, POOWER W, R svNGE (AW

e I « et 1 |} 1 19



s . 3 - WN NS e W .
T AN A D S e Tty e AN DaASNE A N . i A A SN0 R ae i aal e At okl Ars Al St ol TES

-
;"._ of the lack of significant simultaneous fundamental oscillation. For the TE; » .
.
' the second harmonic power accounted for 90-95% of the total output power. This
."\
EN percentage was slightly lower in the case of the TE. 2 ;. with 78 attributable to
N .
73 the second harmonic mode.
hJ
. Considering the range of values listed in Tabie 3.2. the output power claim of
< 253 MW an 200 GHz in the TEyy 2 is justified. It is this value which appears on
Eigure | 1b shoming gyvrotron performance at harmonics. This result at 6 amps
14
i eortespotefs 1o an averall eficiency 5 = 6.7'7. 1t is unknown if the slightly lower
v output posers neasured ot 7O\ for the Ty, o) are due to dav-to-day variations
o« ‘ . . .
.‘ gy rotron petformanee of a phisical effct such as mode suppression at higher
o entrent salues The TE ;) output power value of = 15 kW translates 1o an
N
3 onverall efhewnoy of approximatels 3.5 .
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Discussion of the Results

A
el
N In view of the theoretical caiculations concerning the overmoded nature of
J
S the 0.3.1 cavity. the most striking aspect of Table 3.1 is the limited number of
AN
-~ N
e second harmonic modes that were experimentally identified. Less than one third
{ ] of the modes predicted to be above threshold by the linear theory results in Chap-
:'.‘_:j ter 2 were actually observed. Similarly. the efficiencies predicted to be on the
j:.: order of 23% did not exceed 7%. The primary purpose of this chapter will be to
i present possible explanations for the lower than theoretical levels of second har-
o monic emission. A secondary objective will be the consideration of which modes
2‘,;'. were excited. Although the eight modes which were present were all predicted to
| 4
A be above threshold. they were not the cight with the lowest calculated starting
«.’- currents or the highest efficiencies. The predominant question is what physical
‘o"
.ll » . . . 3
.- reasons exist which could account for the missing second harmonic modes and
oy lower than expected efficiencies.
C
}‘:,' Because the theoretical predictions of Chapter 2 considered only the resonator
’
é geometry. the problem of radiation loss or absorption at the output window or
24
-~ 107
N
\:,
3
0.
£
-
Y
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in coupling with the output waveguide was not considered. The quartz output
window was specifically designed for the 140 GHz radiation of the fundamental. It
is unknown exactly how much increased reflection or absorption may be occurring
in the window at the higher second harmonic frequencies. Increased reflection
would raise the Q and change the theoretical calculations and increased absorption
would obviously lower the measured radiation levels.

The guiding center radius r, and ratio J_ J. are parameters which enter into
both the lincar and nonlinear theory calculations. yvet they were not measured
directly in this experiment. The values which were used in the starting current
and efficiency calculations were design figures based on electron gun computer
simulations and adiabatic theory. As an example of how a reasonable change
in these parameters could affect the differences between theory and experiment,
equation (2.32) shows that [.. ~ (§./3 ) # for the second harmonic. With
the design value of .3 3, = 1.49, the TE ;.21 mode has a predicted value of
.. 0.66 A. However. if the actual ratio of 3, ;3 = 2.0, the change would yield
I+ 0.37 A which is in much better agreement with the experimentally measured
starting current of 0.2 A for the T ;.9 mode. A consideration of this sort will

he analyzed in Section 4.1 concerning the value of the guiding center radius r,.

.~.

This example is a <simple illustration of how a change in one parameter value
I ]

"...‘.."‘_ J
e s

could account for some of the difference between theory and experiment in the

starting current for one isolated mode. In general. the increase in 4. /8¢ men-

.
.
. @

‘l

tioned would prove counter to the overall observation of lower than predicted

'l

2.

levels of second harmonic emission and reduced efficiencies.  This chapter will
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analyze physical reasons which could explain the general trend. The discussion

will focus on two separate phenomena as possible explanations. The first will be
beam radius effects including the actual beam placement and the consideration of
the finite beam width in calculations. The second topic. which will be discussed
in Section 4.2. is the possibility of mode competition between fundamental and

second harmonic modes as well as between neighboring second harmonic maodes.
4.1 Finite Beam Width Effects

Examination of Table 3.1 listing the observed second harmonic modes reveals
a trend in the radial mode index p. With the exception of the Tk ;. cach
mode identified had radial mode numbers of p 2 or p 3. The linear theory
analysis forecast modes above threshold with 2 .- p - 7. and predicted the modes
with p — 4 to have the lowest starting currents. This discrepancy prompted
consideration that the beam radius was possibly different from the value used in
the theoretical work. or some other interaction was occurring based on the radial
thickness of the beam which would suppress the higher order radial modes.

The guiding center radius (r.) enters into hoth the linear theory starting
current calculations fromn cquation {2.32) and the nonlinear theory caleulations
of 1 in equation (2,68} by the same (' factor defined in equation (2.28). This
term represents the efficiency of interaction between the clectron beam and the
R¥ fields. It is actually only the numerator of - which measures the strength
of interaction by G ~ JZ . (k_r.). with the denominator representing the mode

stored energy. Since /.. ~ G 1 and I ~ (. an increase in (' lowers the starting

currents and increases I,,. This increase in 1, results in an increase in the predicted

109

L e D Sl e, 1,




P

'.

b

.

s
) D A
‘,‘ .“-“ i ".'

A!’
-

Y i) .
@
'r. ...-4

Oy

L3
-
Ly
fat

“ll

{l

PY

X

LA
..l.l

YN
e

B A T Sy s 3 T T O

value of n throughout the range of physically realizable beam currents i the
MIT gyrotron. The discussion in this section will consider the physics which
could account for an effective lowering of the (5 factor, thereby raising the starting
currents and reducing the predicied second harmonic emission. Although the focys
will be on raising the starting currents, the same argumems will result in Jower
theoretical efficiencies by the 1. parameter used in the slow time scale theory.

The minimum beam radial thickness is two Larmor radii (27, ). The actual
thickness i greater due to the finite size of the electron emitter strip, space charge
and other effects. The simplilication which allowed determination of ¢ by analytic
methods was that the interaction could be represented using an infinitely thin
annular beam with radius r,. so it is reasonable 10 assume that some physies
considerations were lost by discarding the radial beam thickness. For the MIT
gyrotron. the electron beam width (thickness) predicied by computer calculations
1835 .. Sincer, - v w..0tis evident that the beam thickness was changing
throughout the experimental magnetic field scan. Using the ficld values listed in
Table 2.2a. the beam widths range from 0.063 cm for the TE, -, mode at 1051 T
to 0.042 cm tor the T y- o) mode at 6,047 T, An average value for the boam
width of approximately 0.05 ¢ represents = 25°C of the v, 00197 e value used
in the theoretical calculations,

Figure 4.1 is representative of the extent of variation in calculated starting
current which would result by using different values of r, within the range of beam
thickness, The two modes represented are the two senses of opposite azimuthal

rotation for the ThE, 41. The presented values of 1. are valid at B 4.356 T a~
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Iisted in Table 2.2a. The beam widih ot the magnetic ficld value v Q.0 cmi. w0
the edges of the plotied hines at U168 cm and O 72 o fepresent the iiter and
outer radial edges of the beam. The graph w centeted ot the salue ol ¢, 0 197 21
whith was used 10 the stariing cutrent and efhowney cak ylatione i Chaptes 2
The 2.1 amp ralue of /.. for the T, ,, al 0197 1 o Vhe tigute listed 4
Tabic 2 22 The davhed hofuontal hine fepteectits the tiottinia’ s atup opetating
current duning the expenimental ins eeligat won

It appears olnwoue from Figure 11 that ety itttk anfotthatue coticctinng
the beatn intetactmn v giraned [rom a atiple cak ylatut of [ bawed ot e
nbirtely than line at 0 197 e The plote eniending alune the grapdud lina of
! . MO amigre ate actually inhnitee caused tn the values of ¢, whwh tesult
wm Ji . 1k ey 00n the denomnstor A tunet anctease it of x 0007 cm
would place the cak ulated value of 1 . abne the Yamp hinefor the Thy g . The
previous dise ussion concetming the degres of knom ledgr about the actual value of ¢,
1« nem relesant since manor changes tesult an such major diffetences o cabe ulated
valnec of 1. ..

The diagram suggested 1wn peecible imprynenwnte to cte aalye of (5t b
incorporated o the starting cutrent and efficwney cainutationc The fitet cep
was< <imphy an attempt at imprening the accuracy of the ascunwd value of 1 hawd
on the actual experimental magnetie field values. The wvond approach involved
taking the integral average of the (; factor over the finite beam width 10 arcount

for the changes in the interaction strength with different segment< of the beam
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This limited apparent success is marred by the overall result that the finite
beam thickness factor did not eliminate any modes by increasing their theoretical
starting currents over the 5 amp experimental operating current. it actually added
the TE, ./ . mode 10 the list of those predicied 10 be above threshold. In simple
terms, the beam width averaging increased the starting current for the low starting
current modes, but decreased 1., for the high starting current modes. The range
of value of 011 A 1 . - 2900 A for the infinitely thin beam calculations was
comptessedd to 048 A ] 0 310 A with the beam width factor. Additionally.
the Tactor dhid not alwase preferentiallv lower starting currents of the low radial
mesedes and tare [ . o the higher order modes, as evidenced n the 9697 reduction
in . for the Thy . 0 Thie mode will serve as a useflul summary for the beam
tadhiie conviderations of thie section and pronide some insight into the apparent
farhinge

Figuee 83 depicts the predicted statting current for the TE . modes at
V21 T The left and night edges of the cutves tepresent the inner and outer radial
ceigre of the 3 5 e bwarmwidth at thie magnetic hield value. The initial calculation
of T . for thiz prwle a0 Chaptet 2 produced /| SO A for the TE, . Thie
valtne was hasesion o “than” heamowalo e Q397 o and e o ntified on Figute 4.3
with rhe — | The crarting enrrent of the T, | at thic valus of r, 30 22 1000 A,
mebieatedd In the - 2 o the grapt. The improned e<timate of £ 0191 cm «till
<hemevt the TE, as the lmer ctatting cutrent mode. but the value had more

than doabied 10 [ 12 0 wheeh o depwted tn the =3 The reduction in r

from Q107 em to I e resubied s o for the T, ., mode increasing from

121

A A M A At e St S PR A T SRR DA

ks

P L P T Py

- - - » 2 e s an MM.a & A



B ST b AR I VDRI R L P AR R R s PFOTAE s L AR, P IATAASAAIRPLS S0 JA SN AR AT . DAV JELDL L SR IR I S Ve - v = - - - -

g I

¢ (wd) snipey 13jua) 3uipiny

3
vll
5 244 PIZ0 ¥0Z'0 ¥61°0 ¥81°0 bLTO P10
. L61°0
T T y T T 1 01

- . 3

- =
.. g
. T - u

- - mo
. [~ - "
. e > W My Al “ o~
) S 3 o B
$ i 1% 3
. i il s
. -
" = B “
: - . 8

,ml (Hvo'tg 3 .m
- «Q— S
.A | L
. .ﬁ ¢
- ¥ .
\H m A 1 / m

o L <01

%4 Jo uoyjdunyg e se juaLIN) Bunies apoy FOIFL — ¢'¥ 34

i
-\ B o, o' .o, -.-..-.. ..-.- -q.. RN .,..l.\'\..l.‘-,l- L Ll ..-\. - N ...-.: -. -..- -W.-.-«.. .-.-. W » CC T .G .-a.--ny-.-.-.of.o._. nanlnnvoa""‘ nx



o
-

N

'
'l
[

/

AL AN

L,
2 el

%
.

»

.,

L N AN IO

A

AR Ay

B

D)

ERE T

AN
et

[l
.
]
3

.

Sty 2,

S,

o~

[ U\

O
.‘ 'I ‘. ‘l ..

LS

-
X

SN

-

-

1000 A — oc, then decreasing back down to the value of J.+ = 56 A, shown by
the #4 in the diagram. Finally, the beam width averaged starting current values
showed the two modes approximately equal with I.; = 2.3 A for the TE,; « (-,
and I.. = 2.2 A for the TE; (;(-). Although the central region of the beam
interacts very weakly with the fields as evidenced by the high “thin™ beam /..
values. the inner and outer edges of the ! cam are positioned to interact favorably.
thus bringing the full beam width averaged starting current down to =~ 2.2 A.

Since the two curves for the rotating modes are almost svinmetric about the
central value of r, 0.191 em. it is reasonable 1o assume that their interaction
with the fields over the full beam widih would be similar. The beam width aver-
aged starting current calculations support this. whereas the delta function view of
the beam radius vields orders of magnitude differences in the predicted starting
currents for the two senses of rotation. M is felt that the averaged values are more
physically realistic. even though the TE) .; mode was not observed experimen-
tally. The lack of mode excitation is probably due to phenomena unrelated to
beam radius eflects,

A possihility not considered in the theoretical calenlations is that there may be
standing wave structures in the cavity as opposed 10 1he rotating waves assumed for
the nonazimuthally symmetric modes, This would lower the predicted interaction
because of electromagnetic field nulis in the azimuthal direction which do not
exist if the wave is rotating. Experimental measurements of the far field pattern
indicate that there are rotating modes, but this does not preclude the possibility

of standing wave modes,
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Although possible improvements to the averaging technique. such as including

AR A
[l .«

t a spatial distribution function for the electrons. might vield minor improvements,
RS
S the limited success at predicting experimental resulis suggests consideration of dif-
-\-
N ferent explanations. The degree of success of the finite beam width considerations
- is limited to the range of applicability for the theories covered in Chapter 2. These
o were single mode analyses. so the failure of the beam width corrections to account
Wy
for the experimental observations is possibly due to the failure of the theory itself.
e if multimoding or mode competition effects were present. These possibilities are ‘
o
o . . . . .
-2 discussed in the following section.
{‘-
it
o 4.2 Mode Competition
-

o
L0
'I‘l
:
I R

Theoretical analvses of multimoding and mode competition in gvrotrons have

v
[
(I B}
. e

been conducted previously, such as the investigations by G. S. Nusinovich 55 and

i
M P LISl LA

a Kreischer et al. 56 . These studies have shown that the phenomena can have sig- ’
e *
e‘ . - - » - . L] . .

2. nificant impact on the made oscillation characteristics of gvrotrons. Nusinovich

oy
> cites three primary manifestations of multiimmoding. these being mode suppression.
s

~~ mode enhancement and mode locking,  Of the three, mode suppression is the :
y .
"

:. dotinant cliecs for modes which b close oscpdation frequencies. This is char- ;
_. acterized by an actively oseillating mode limiting the oscillation of nearby modes

- which might otherwise be above threshold. The predictions of these events are

e . ) .. . .

= clearly outs<ide the realm of the theories presented in Chapter 2. In a similar mnan-

. N

SN ner. the existence of mode competition eflects could severely reduce the accuracy

7 of the calewlations based on those theories.,
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The study by Kreischer and coworkers cited above. included an experimental

investigation of multimoding at the fundamental with the same 0.3.1 cavity used

in this study. There were large areas of mode overlap which were predicted by

theory and supported by the experimental results. Additionally. the fact that the

TE. .1 mode never fully acheived the high efficiencies otherwise predicted was

attributable to its oscillation zone overlap with the TE2 4, mode.

In the present study. the diode signal traces such as those shown in Figure 3.2,

confirm the existence of multimode oscillation between fundamental and second

harmonic modes. Additionally. the simultaneous frequency measurement of the

TEy1.2 and TEyr 2, modes at the same magnetic field value. is a clear example

. |"‘4_'.. {n * .. ."a.“‘.":

of multimoding between second harmonic modes. The existence of this multimode

oscillation points to the possibility of mode suppression or enhancement between

LA L N

fundamental and second harmonic modes. or between separate second harmonic

’
»

s e e

modes.

.
0

o .
IR AR
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The mode competition theory developed by Nusinovich is valid for arbitrary

harmonics. but analytic methods for applying the theory have only been developed

at the fundamental with some simplifving assumptions, such as a uniform distri-

(I
X

[
D
.
K

bution for the axial field profile. Quantative methods are therefore not available

for a detailed analysis of the effects of multimoding at the second harmonic or
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mode competition between fundamental and second harmonic modes. However.

qualitative arguments will be presented as well as the experimental evidence.

In a magnetic field region which supports both fundamental and second har-

monic modes, the fundamental will generally begin oscillation prior to the second
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harmonic because it has higher gain, a lower starting current and a wider excitation
range. This has been experimentally confirmed. An example of this phenomenon
is shown in Figure 3.2, where the fundamentia) TE; y | diode signal turns on earlier
and has a longer pulse length than the second harmonic TE s\ mode. Although
the second harmonic mode may still oscillate, the established fundamental mode
will 1end 10 deplete the available electrons which might otherwise exchange en-
ergy with the second harmonic. The result would be reduced efhcienes and output
power at the second harmonic {rong that which would e predicted i the abisetce
of the fundamental mode.

The experimental resulte of this study appear 10 support this dea. in par-
ticular the case of the fundamental suppressing the second harmonic ettisson
Figure 1.4 reproduces the magnetic ficld scan diode signal plots from Figures 3.%a
and 1.3b. Both o and 2., diode signals are shown on the same graph. o the
vertical scale has been eliminated to avoid misleading estimates of relative mode
strength. A« memtioned in Chapter 3. relatively few conclusions may be drawn
concerning output power by the diode signal even from the same diode, vet the
Ty oa. TE 2 and TE: ., modes provided the most concistently <table diode
signals at the second harmonic. The highet magnetic ficld 2., modes. TE. .
throngh the TE,- ;. were generally characterized by erratic, low level diode sig-
nals. present over a much more limited range of magnetic field and gun coil settings.
As seen in Figure 4.4, these high magnetic field. low level 2. modes occur at the
same field values as significant levels of fundamental radiation. in particular the

Th. oy, TE 2y and TE+ . ; modes. By contrast. the consistently stable Ty, 2.
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magnetic field range. slighth mre than one halfl of all posible third harmon
modes would be oscillating at Bve ampe and 643 A\ beam \altage.

The fourth harmonic resulis fivied i Table 5.2 show no modes shore thivshold
at five ampe beam current. The minimmm starting currents in this case are on
the order of 3.4 A The lack of any predicied oncillation a1 the {ourth harmotix
chmmnated the need lor convderatoon of modes mith & 4

bhicwnesee were caleulaied for the thatd hattnotn modee predacted 1o be
abing threshold ueing the olom it wale nonlitwat theots deee fibed it Chapriey 2
specibicalls, the shoft integratoon kength of ;",‘ c 5;",; wae gord The
nonhneat theoty genetally preduied the hoghest offe et we when compaered with
the long integtation kengthe and the fact Littr o gic Cheat s gl yood it Chapter 2
The rewults of the third harmonic efficwencys «ak ulations ate presented in Table 5.3
forV. 633KV and /! S5 A\

The thitd hatmonx perpendiculat efficiencws (n ) uere surprisingly high for
the iodes concidrred Ae seeti in the table, 210 g 117 Homenet, the low
ohmic Q factnre trlative to the difftartine '« fot the & 3 trwadee cagnific antiy
teduced the autpnt efliewnews 100 the 107, v Y. tange Ot weusly no offy.
cencws could be cakulated for foutth hatnmme awwdes a1 five amgn sine they
were all below threchold. hemeset the eflwwnes wac calbulated for the TE o0 4.
at 7 amp< using the same shm tinwe «cale thevty The preduted valoe of  wae

6.0 resulting in an overall efficieney o 3.3°:
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The lack of any observed third harmonic emission is probably due to mode
' ‘ suppression considerations as discussed in the previous chapter. Both the fun-
damental and second harmonic modes have higher gain and should suppress the
' third harmonic oscillation. The modes listed in the Tables 5.1-5.3 should occur
> at = 4.8 T, but this coincides with the second harmonic TE,, ».; mode. As seen in
’ Figure 1.1, there are no magnetic field regions between 4.0 6.0 tesla where there
e is neither fundamental nor second harmonic emission. thereby making third har-
::,: monic oscillation unlihels. The resuits in Tables 5.1 5.3 based on the single mode
‘:’.: analssis did not consider these mode competition possibilities,
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Chapter 6

Conclusions and Reconmendations

The present study has confirmed the existence of second harmonic emission
from a high power. high frequency gyvrotron designed for the fundamental. The
second harmonic radiation was within the high efficiency zone, resulting in approx-
imately 25 kW of output power at 24) GHz. The linear and nonlinear theories
which were applied indicate that efficient second harmonic emission will be the
general result rather than the exception in overmoded. high power gyrotrons. Fu-
ture megawatt power level gyrotrons, designed for operation at the fundamental.
will have to consider the eflects of this harmonic o~cillation or develop methods
for suppressing these modes,

The harmonic emission observed in this investigation was identifiable as cavity
modes.  That is. cach mode frequeney o 2 20 could be predicted based on
the scaling of the Bessel function zero. v,,,. The distinction here is between
these cavity modes and parametric eflects which have recently been identified
in the radiation from a 2% GHz. ew Varian gvrotron to be used for ECRH on

the TARA tandem mirror experimem at MIT. These latter. parametric effects
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are characterized by a second harmonic frequency measured as exactly twice the
frequency of an oscillating fundamental mode. Experimental work is continuing to
investigate this phenomenon. and separate physics issues are involved than with

the cavity modes found in the gyrotron used for this study.
6.1 — Summary and Further Conclusions

The theoretical investigation separately considered two different resonator
cavities. The 0.3.1 cavity was designed for scaling up to megawatt power levels and
cw applications. The relatively small beam radius to wall radius ratio naturally
vielded a dense mode structure. with the possibility of 36 second harmonic modes
between 4.0 and 6.0 tesla. The whispering gallery cavity was designed for reduced
mode competition at the fundamental. and the larger beam to wall radius ratio
allowed a relatively sparse spectrum, with only half the possible 2w, modes as the
0.3.1 cavity over the same magnetic field range. For both cavities. the CAVRF
computer code predicted the 4.0-6.0 tesla second harmonic mode frequencies to
be in the 203 303 GHz range.

A lincar analysis determined the threshold of oscillation conditions for the 2.,
modes in both cavities. The second harmonic spectrun of the U301 cavity was
predicted 10 be heavily overmoded. with 28 of the 36 possible modes in the 4.0-6.0
tesla range having starting currents of less than five amps. The whispering gallery
cavity calculations showed a greatly reduced mode spectrum. with only seven
modes predicted to be above threshold at a beam current of five amps. Similarly.

the minimum theoretical starting currents were lower for the 0,3.1 cavity. with
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1.2 = 0.5 A. as opposed to the whispering gallery resonator which had a minimum
1. = 3.5 A.

The nonlinear theory was emploved for efficiency calculations for all the sec-
ond harmonic modes predicted to be above threshold by the linear analysis. A
slow time scale formulation allowed efficiency calculations from computer gener-
ated graphs. based on the assumption of a Gaussian longitudinal field profile.
Application of the slow time scale theory only required calculating the normalized
operating current /,, and normalized cavity length u. The second harmonic modes
predicted to be above threshold in the 0.3.1 cavity had total efficiencies ranging
from 10 257, The whispering gallery cavity slow time scale theoretical results
were in the 5 10Y( efficiency zone. A fast time scale computer code using the
cold cavity CAVRF field profile was also employed for efficiency calculations. The
resulting efficiencies were lower than the slow time scale values by 2--10 percentage
points for both the 0.3.1 and whispering gallery cavities.

Starting currents and efficiencies were caleulated for a limited number of third
and fourth harmonic modes using the 0.3.1 cavity. The lowest third harmonic
starting currents were approximately 2 A and the fourth harmonic had the lowest
values of 1o = 5.4 A, The resulis indicated that slightly more than half of the third
harmonic modes between 4.0 6.0 tesla should be above threshold at five amps. A
very small percentage of the fourth harmonic modes should be excited at that
beam current. Output efficiencies for the third harmonic modes were calculated

to be in the 5-10% range using the slow time scale nonlinear theory.
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The final theoretical analysis was a scaling estimation for second harmonic .
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efficiency based on operating parameters at the fundamental. The slow time scale
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efficiency plots provided an easy method of mapping regions of interest at the fun-

-

8, %, . v,

damental to the appropriate efficiency zone at the second harmonic. The method

supported the quantitative results of the 0.3.1 cavity by predicting high efficien-

cies at the second harmonic.  An example presented for a device optimized at

the fundamental showed a remarkably constant. high level of second harmonic

efticiency. even 1o the point where the fundamental efficiency had decreased by

approximately 30'¢. This motivates the concern over harmonic emission for low :

ohmic loss. low Q. overmoded resonators designed for fundamental operation.
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The experimental investigation was designed to confirm the predicled exis-

Q.. .

tence of the harmonic emission and provide some test of the theoretical calculations

.

for the 0.3.1 cavity. A magnetic field scan over the 4.0 6.0 tesla range at 64.3 kV

and with 5 amps of beam current was conducted. using video diodes to detect both

tundamental and second harmonic emission. Fight 200 modes wore identified

an harmonic mixing frequeney measurement system. with the frequencies gener-
ally within 0.1 of the prodicied ©CAVRE values. This mixing svstem proved to

be invaluable due 1o e accuracy and abiliiy 10 measure low-level, erratic signals.

@S ".’\‘\"- S> - .

The <tarting current mcasured lor the Thy, o, mode was 0.2 A. which was a

e
a3

factor of three lower than the theoretical vatue, and of the same order as /. for

fundamental modes. Power measurements of the TEy.2.; and TE.. 2., modes were
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performed using calorimeters. The reflectivity of the calorimeters at these frequen-

cies was analyzed using dispersive Fourier transform spectroscopy. and power dis-
crimination between the fundamental and second harmonic was accomplished by
using various thicknesses of plexiglass absorber. The results revealed the TE, »
mode producing = 25 kW of output power at 241 GHz. with the TE. ., emitting
= 15 kW a1 200 GHz. These results represent the highest output powers at high
frequency | 100 GHz) detecied in a gyrotron operating at harmonics above the
fundamemal.

The detection of second harmonic emission and the power levels achicved
represent the most significam aspecis of this study. However, less than one third
of the « = 2. modes predicted 1o be excited were observed and the measured
efficiencies were a factor of three lower than the theoretical values. Additionally.
no higher harmonic (n - 2} modes were observed although a number of third har-
monic mades were predicted to be above threshold. Two possible explanations for
this difference were investigated. The first considered the possibility that a cor-
rection accounting for the full fiinite electron hean width, and incorporated in the
starting current and cfhicieney caicalations, could effectively lower the theoretical
second harmonic einission 1omard the experimenally ieasured values, Although
i was felt thar this correction was phasically more realistic than the infinitely
thin beam calculations, it did not suceeed in predicting lower emission levels at
the second harmonic.

The second consideration was that mode suppression could account for the

decreased second harmonic mode specirim and power levels. Multimoding was
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-fj'_:f experimentally verified between fundamental and second harmonic modes, as well
h as between separate second harmonic modes. The quantitative theory s only

adequately developed for interaction between fundamental modes, but qualitative

theoretical considerations support the view that an established fundamental mode

will 1end 10 prevent oncillation at 2.- . The experimental results contributed 10

e
N
o this conclusion bn shoming the strongest second harmonic modes o« illating in
\'.\ . . R
RIS gaps in the fundamemal spectrum. 1t was dificult to estimate the degree of mode
ol suppression cansed by one second harmone mmede on another, but the overmoded
)
o
o nature of the cavity and obemetsed 2. - 20 multimoding definitety allowsd
3 the possibility of this 1y pe of competition, The qualitative assesstnent based on
. <
Q‘.
: the experimental evidence was that the fundamental suppression of the second
v.'..o
N . .
N harmonic modes was the dominant effect.
'.. K3
6.2 Recommendations for Further Study
.,
e P -
e
Ve gt g . . M Y ’
o Fhe investigation suggests there remains & great deal of experimental and
.
theoretical analvsis swhieh could be dane concerning the harmonic emission from
I high power guratrons designed for tle fundamental. The experitental examina-
I
P i . . . .
e tan 0! the hacronn content of the whispermg gallerny cavity to cotnprate with
.?-; caloulanions already cived an this <indy wounld pronide an olnious fira <tep.
re
) For the theoretica) aspects. the most useful efforts would be toward increasing
Y
" d
r . _ L . .
s the immediate applicability of the mode competition theory to include &, - - 2.,
- » . .
and 2. - - 2. effects. This difficult prospect would vield the immediate benefit
o
e
A . . . . . . . . . .
e of quantitatively texting the suppression which was qualitatively theotirzed in thi«
St analysis.
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Finally, increased diagnostics at highet (requencies would allon 8 more thor-

ough investigation at the third or higher harmonxs. As shomn in Chapler 5. the
single mode analysie otill aliow~ reasonable efficiencies a1 o 8 3., but an e
tended mode competition theors would probably lower eapeciations significantiy

Av with the present study. an eaperinenial imestigation could confistn of demy

the throretwal predi ions as nell ar fane additional questiots
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