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V. CONCLUSIONS of this paper.

The paper contains the solution of Maxwell’s equations

for a torus with a separating wall. We think that the great ~11

advantage of the described solution is that it is an exact

one for a complicated geometry, and no approximations

were used anywhere.

The special symmetry of the torus with a separating
[2]

wall does not allow the simple E and H classification of

the waves. Therefore, we had to introduce a different 131

classification, which was dictated by our mathematical [41

method.
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Characteristics and Optimum Operating
Parameters of a Gyrotron Traveling

Wave Amplifier
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,4bstract-Characteristics and optimom operating parameters are de I. INTRODUCTION
terruimxl for a new type of high-power high-efficiency generator of mini- ~

meter waves known as a gyrotron travefiuz wave aomtiler, In the exarde ~ HE GYROTRON is a new type of microwave device

consider~ wave ampfifieation results from the interaction of a WI

wavegufde mode with the fundamental cyclotron harmonic of an electron

beam. The parameter optimization involves tfre determination of tbe point

of maximum device efficiency w a fuoction of beam density, beam energy,

beam positioning, and external magnetic field for the output power re-

quired. An armfytical linear theory and a nomerieaf simulation code form

the basis of theoretical calculations. As a resaft of tbe extensive survey in

parameter space, the peak efficiency in the beam frame has been formal to

exceed 70 percent, TM result has been apptied to the specific design of a

35-GHs ampfMer witfr outpnt power -340 kW, a power gain of 2 dB/cw

and a laboratory frame efficiency of 51 percent.
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1 employing the electron cyclotron maser mechanism.

It ideally consists of an ensemble of monoenergetic elec-

trons following helical trajectories around the lines of an

axial magnetic field inside a fast wave structure such as a

metallic tube or waveguide. The physical mechanism re-

sponsible for the radiation in the gyrotrons has its origin

in a relativistic effect. Initially, the phases of the electrons

in their cyclotron orbits are random, but phase bunching

can occur because of the dependence of electron

cyclotron frequency on the relativistic electron mass.
Those electrons that lose energy to the wave become

lighter, rotate faster, and, hence, accumulate phase lead,

while those electrons that gain energy from the wave

become heavier, rotate slower, and accumulate phase lag.

This can result in phase bunching such that the electrons

radiate coherently and amplify the wave. Energy transfer

from the electrons to the wave is optimized when a – IczoZO

– si2C>0, where co, k=, UZO,s, and QC, are, respectively, the

wave frequency, axial wave number, axial electron veloc-
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ity, cyclotron harmonic number, and electron cyclotron

frequency. Early descriptions of the physical process are

to be found in the works of Twiss [1], Schneider [2], and

Gapanov [3], while a detailed comparison between this

(relativistic) azimuthal bunching process and the more

familiar (nonrelativistic) axial bunching process has been

carried out recently by Chu and Hirshfield [4]. The first

deliberate experimental study of the cyclotron maser in-

stability was made by Hirshfield and Wachtel [5]. Prior to

the publication of [5], Chow and Pantell [6] reported a

cyclotron resonance backward wave oscillator in which

the mechanism of radiation was attributed to axial elec-

tron bunching. However, in light of the comparative study

in [4], their observation was more likely due to the

cyclotron maser instability. An extensive summary of the

works on cyclotron maser can be found in recent review

papers [7], [8].

The gyrotron emits radiation near the frequency u= QC

+ k. 0,0, so the wavelength is determined primarily by the

strength of the applied magnetic field and is not restricted

necessarily by the dimensions of a resonant structure.

Thus unlike most other microwave tubes, the internal

dimensions of the device may possibly be large compared

to the wavelength, and high power handling capability

becomes compatible with operation at millimeter and

submillimeter wavelengths, Indeed, the highest recorded

millimeter wave power, both peak and average, has been

attained in gyrotron devices. The high peak powers were

achieved in a series of experiments using intense relativis-

tic electron beams (V- 1 MV, 1-30 kA) and powers

achieved include 900 MW at A= 4 cm9, 350 MW at A= 2

cm’”, 8 MW at A=8 mm”, and 2 MW at A=4 mm”;
however, efficiency of converting electron beam energy to

EM radiation was only -1 percent. On the other hand,

the high average powers were generated with high

efficiency and with current and voltage levels similar to

those in conventional microwave tubes; thus the high

average power work leads directly to practical devices.

The initiative in developing a high average power

gyrotron was first taken by workers at the Gorkii State

University (U. S.S.R.) [12], [13]. The key to achieving

efficient devices was careful design of the electron gun. In

the Gorkii studies, a crossed field “magnetron injection

gun” was used to launch an annular electron beam with a

large fraction of energy transverse to the axis and with

minimum energy spread. Work on nonuniform cross-

section open resonators to optimize beam-wave coupling

has also taken place [13]. All together, these developments

have led to the demonstration of a technological

breakthrough in CW millimeter wave generation. Using a

superconducting magnet, Zaytsev et al. [12] have gener-

ated the following CW powers: 12 kW at A =2,78 mm
with 3 l-percent efficiency; 2.4 kW at A = 1.91 mm with

9.5-percent efficiency, and 1.5 kW at A= 0.92 mm with

6.2-percent efficiency. Other impressive results by Soviet

workers include the operation of a second-harmonic de-

vice in a magnetic field of only 6 k~ which produced at
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Fig. 1. State-of-art CW power sources.

Fig, 2, Type of gyrotrorm (a) Gyromonotron oscillator. (b)
Gyroklystron arnplifler. (c) Gyro-TWT amplifier.

A= 9 mm a CW power of 10 kW with 40-percent effi-

ciency [13]. Fig. 1 compares these results with CW power

available from other microwave devices; an advance in

CW power capability by 3 to 5 orders of magnitude is

clearly indicated.

The Soviet gyrotrons have operated as oscillators using

a single resonant cavity as the RF structure, However, the

gyrotron process lends itself to the use of a variety of RF

structures [8] and can operate as an amplifier as well as an

oscillator. In Fig. 2, schematics of three types of gyrotmns

are sketched. The gyromonotron in Fig, 2(a) ccmrespon ds

to the Soviet oscillator configuration. Fig. 2(b) shows the

two-cavity gyroklystron amplifier which induces a trans-

verse phase bunching in an input cavity, allows the bunch-

ing to continue ballistically between cavities, and then

converts transverse electron energy to wave energy in an

output cavity. Operation of such a device was reportedl in

an early experiment by Wachtel and Hirshfielcl [14] a~ld,
recently, by Jory [15].

A third type of gyrotron, on which this paper focuses, is

the gyrotron traveling wave amplifier (gyro-TWA, Fig.

2(c)). This device is especially uncomplicated in that the

RF structure is a simple waveguide. It has a clear advan-
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tage in handling high power since the field strengths

encountered for a given power level will be much lower in

a traveling wave device than in a device employing reso-

nant cavities. Also, superior bandwidth and tunability

characteristics are expected. The operation of a gyro-

traveling wave amplifier was demonstrated in an experi-

ment using an intense relativistic electron beam [16]. A

gain of 16 dB (1.1 dB/cm) was achieved at 8.6 GHz with

a bandwidth of -5 percent and an output power of 4

MW; there was also indication of octave-like tunability

through changing the magnetic field in step with the input

frequency. However, efficiency in this first gyro-TWA was

low in part because of poor beam quality.

On the theoretical side, analytical and numerical studies

[ 17]-[27] of the gyromonotron configuration have ap-

peared frequently in literature and have provided consid-

erable physical insight into the operation of gy-

romonotrons,, These studies have concentrated mostly

either on the fundamental cyclotron harmonic interaction

or on specialized systems. Recently, a general analysis of

the gyromonotron operation at all harmonics of the

cyclotron frequency has been carried out [28]. Analytical

studies of the gyroklystron configuration has hitherto

been lacking. However, numerical modeling [15], [29] has

yielded useful information concerning the beam-wave

coupling, small signal gain, device efficiency, and stability

conditions. For the gyro-TWA configuration, several lin-

ear and nonlinear theones [4], [30]–[33] have been re-

ported in recent years. While the basic physical processes

have been carefully analyzed in these papers, questions

concerning the actual operation of such devices (e.g.,

parameter optimization, bandwidth, etc.) have not yet

been addressed.

This paper presents analytical and simulation studies of

a gyro-TWA device operating on the TEO1 waveguide

mode and the fundamental electron cyclotron harmonic.

In contrast to previous analyses, our emphasis here will be

on the applied aspects of the theory developed, and, in

particular, we detail the procedures involved in the design

of a highly efficient gyro-TWA device. Hence, methods of

parameter optimization and bandwidth calculation have

been considered in detail. Operational characteristics such

as dependence of efficiency on the electron energy and

magnetic field and dependence of bandwidth and power

gain on the magnetic field have also been obtained and

schematically presented. Although our design is based on
the point of maximum efficiency, these characteristic

curves are capable of yielding designs based on other

criteria such as maximum bandwidth.

II. DESIGN CRITERIA AND THEORETICAL
APPROACHES

The methods presented here for parameter optimization

are generally applicable to gyro-TWA’s. As an illustration,

we will consider a particular example, namely, a gyro-

TWA aimed at the laboratory production of 340-kW (CW

. .

/ \e)‘“Q’“r:’‘(3
c)($)

Fig. 3. Cross-sectional view of the gyro-TWA model. The applied
magnetic field (not shown) points toward the reader. The electrons are

monoenergetic and att have the same Larmor radius r~. Guiding
centers of all electrons are unifonnty distributed on the circle of
constant radius r.

or pulsed) power at a frequency of 35 GHz. Wave amplifi-

cation results from the interaction between the T~l circu-

lar waveguide mode

and the fundamental cyclotron harmonic of the beam

u–k=v=o– QC=O (2)

where u= is the cutoff frequency of the TEO1 mode, L?C-

%/Yo, %-e B/m, and Yo-[l – (U~o+ o~o)/2]- 1/2.
The principal design criterion is to attain high effi-

ciency. To achieve this, it is desirable to select the mag-

netic field such that the two curves represented by (1) and

(2) intersect at a grazing or near grazing angle in the

(c+ k,) plane, i.e., with the group velocity (kzc2/co) of the
waveguide mode nearly equal to the beam velocity (Ozo).

The reason for such a choice will become evident.

It is proposed to couple the RF structure designed here

with a “magnetron injection gun” of the type used in the

Gorkii studies so that an electron beam can be provided

with sufficiently high quality to satisfy the design assump-

tions.

Fig. 3 shows the theoretical model of such a beam-

waveguide system. It consists of an annular electron beam

propagating with uniform velocity U,O in a circular cross-

section waveguide of radius t-w. The system is immersed in

an external magnetic field BoeZ oriented along the axis of

the waveguide. We assume that all electrons have the

same perpendicular velocity o~. Under the influence of

the external magnetic field, the electrons gyrate at the

frequency !JC and with the Larmor radius r~ ao ~o/L?C. We

assume that the guiding centers of all electrons are uni-

formly distributed on the surface of constant radius ro.

Thus the beam inner radius (r,) and outer radius (rz) are

rl=ro —r~ andr2=ro+r~.

In this model, we have assumed a thin (thickness= 2r~)

monoenergic electron beam. Our recent computer simula-
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tion [34] of a carefully designed electron gun shows that a

beam with thickness < 2.3r~ and energy spread <<1 per-

cent can be achieved (see Section V).

Calculations of the optimum operating parameters have

been based on two independent approaches. First, a linear

analytical treatment of the beam-wave interaction has

been used to calculate the linear wave frequency, growth

rate, and to determine the optimum beam position and

wavenumber. As in earlier analyses [31 ]–[33], the presence

of the beam is treated as a perturbation to the waveguide.

However, the problem has now been formulated in the

realistic cylindrical! geometry rather than the idealized

parallel plate geometry previously adopted. This improve-

ment in modeling is of considerable importance, since

efficiency is a sensitive function of quantities which de-

pend on geometrical factors. A second improvement in

modeling is that we treat the electron guiding center

radius rO as a variable parameter, while in earlier parallel-

plate models [31]-[33], the guiding centers were centrally

located between the plates. This improvement gives us the

means to optimize the beam-wave coupling with respect to

ro.

For generality, all the calculations have been done in

the beam frame (i.e., the reference frame in which the

beam axial velocity is zero). Furthermore, the following

normalization procedures are introduced, through which

the waveguide radius rW is scaled out of the problem:

length normalized to rW, (3)

frequency normalized to c/rW (4)

velocity normalized to c (5)

electric and magnetic field normalized to mc2/ erW
(6)

and mc/ erfi,, respectively.

The results obtained are thus applicable to any wave-

guide radius rW and for any beam axial velocity VZOby the

appropriate transformations. In Appendix A, we have

included the transformation formulas for conversion from

beam frame to lab frame quantities and from dimension-

less to physical units.

To maintain a clear distinction between lab frame,

beam frame, normalized, and physical quantities, the

following notation has been adopted.

1’) Beam frame quantities are denoted by primed sym-

bols (e.g.. y~); laboratory frame quantities are unprimed

(e.g.. yO).

2) Normalized dimensionless quantities are denoted by

a bar (e.g., ~C). Unbarred symbols represent either physi-

cal quantities (e.g., flC) or naturally dimensionless ones

(e.g., YO).
The derivation of the linear dispersion relation is

lengthy but straightforward. Since the methods are analo-

gous to those described in detail by Ott and Manheimer

[3 1], only the result will be presented here.
The normalized dispersion relation for the excitation of

the TEO1 mode at the fundamental electron cyclotron

harmonic (expressed in beam frame) is

where xl = 3.832 is the first nonzero root of y,(x)= O,

V’ -N’r= is a dimensionless beam density parameter (N’ is

the total number of electrons per unit length, r= -;

$n;2/4~m is the classical electron radius), ~~0 =w\O/ c,

H(x,y)+,(x)J;(y)]2 (8)

Q(x,y)~2H(x,y) +yY((y)Jfl(y)

- {J?(.Y)(l +X-2)+ [J;(X)]2}

+2Jl(x)J;(x)J;( Y)[YJ;(.v) –Jl(Y)]/x;v. (9]1

Note that the primes in (8) and (9) represent, respectively,

the first- and second-derivatives of the Bessel function .T1,

with respect to its argument. Elsewhere in this paper, the

primes indicate beam frame quantity.

In (7), iO, 1~, and tiC are frame independent quantities. It

can be shown easily that the normalized cutoff frequernc:yr

of the TEO1 mode, i3C, is numerically equal to x,.
This analytical work has been complemented by ;l

single-wave numerical simulation code [32]. A Cartesian

code of this type was initially developed by Sprangle and

Manheimer [33]. It was later refined by Sprangle and

Drober [34] and employed to investigate the saturation

mechanisms, also in Cartesian geometry. We hWe con -

strutted a new code, with improved algorithms, in cylin -

drical geometry. It has been used to simulate the beam -

wave interaction processes until the wave reaches saturat-

ion. A self-consistent value of the efficiency can, there-

fore, be determined. The simulation shows two differcmt

but simultaneously present saturation mechanisms—de-

pletion of free electron energy and loss of phase synchrc~-

nism (phase trapping). The first mechanism dominates

when the beam energy is only slightly above threshoid.

Saturation occurs as soon as the beam loses a small

amount of energy and the system becomes linearly stabh:.

This mechanism can lead to saturation even in the linear

stage, The second mechanism dominates when the beam

energy is well above the threshold. Saturation occurs

because an average electron loses so much energy that its

relativistic cyclotron frequency no longer matches the

wave frequency to favor unstable interactions. The values

quoted for the efficiency in Section 111 are those taken

from the simulation data. Conservation of energy was

monitored in the code and never deviated by more than

0.1 percent. As a cross check, the linear frequency and

growth rate obtained from (7) have been compared to the
linear stages of the simulation. The agreement between

the two approaches was very good (see Section 111).
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III. BEAM F~ PARAMETER OPTmZATION

As seen from (7), solutions of the problem in the beam

frame and in dimensionless units require the specification

of five parameters: 7., ~j, v’, y~, and WC. In the present

design, we will choose 70 and k: so that the beam–wave

coupling, represented by the linear growth rate fij, is a

maximum with respect to these two parameters. The

parameter v’ will be determined from the required output

power. With these three parameters specified, the energy

conversion efficiency q’, defined as the ratio of the final

wave energy to the initial beam energy, can be calculated

numerically varying the two remaining parameters y& and

fi;. The point in the (Y6, ~~) parameter space where q’

peaks will then be chosen for the design.

The first term on the right-hand side (RHS) of (7),

proportional to ~~0, is the driving term for the instability.

Hence, to maximize the beam–wave coupling with respect
to rO, we let 70=0.48 so that H(x170, XI FL) peaks with

respect to 7.. This is also the radius at which the wave

electric field ~j[-.ll (xl r)] peaks. We mention in passing

that, for operation at higher cyclotron harmonics, the

optimum beam position does not, in general, coincide

with the peak of the wave electric field,

The second term on the RHS of (7) imposes a threshold

energy on the beam, below which there will be no instabil-

ity. For most gyrotron devices including the presently

designed one, the beam is well above the threshold energy.

Hence, this term can be neglected. We expand WCabout a

fixed value ~CO,and expand ti’ and ~~ about the intersect-

ing point (fiO, ~jO) of the two equations

~2–~;2–~:=o—/ (lo)

and

G’ – Wco= o. (11)

Substituting

G’= z;+ Az’

~~=&+A~
z

~;= ~;.+ A~
c

into (7) and keeping terms to first order in Ati’, A~j, and

AQ~, we obtain

(A’’-%A4A%A2=2:2$%?%?’12)
In (12), Atl = A@ + iAGj is a complex number, while all

other quantities are real. Differentiating (12) with respect
to A~~, we obtain

Equation (13) shows that if & = O, the growth rate Ati~

is a maximum regardless of the values of A~~ and A~c, i.e.,

Afi~ remains a maximum with respect to @ even with

-,w
A

17-n-c’=o

* I’z

Fig. 4. The vacuum wave guide characteristic curve (10) and the beam
characteristic curve (11) in the (G’, ~~) plane.

small variations in ~~. In comparison, if ~jO# O, AG~ peaks

(i.e., the RHS of (13) is real) only when AZ = A~~ =0. The

case ~jO= O thus has the advantage of insuring maximum

growth rate (with respect to @ when the magnetic fields

are varied to optimize the efficiency. It implies a grazing

intersection of the two curves represented by (10) and (11)

(see Fig. 4). This explains why we have chosen a grazing

or near grazing intersection for the design.

It is convenient to define a new parameter X’:

When the applied magnetic field is such that X’= 1, the

two curves ((10) and (1 1)) intersect at an exact grazing

angle.

We now consider the choice of v’. For each value of v’,

one can calculate the point in (y~, X‘) space where q’

peaks. Given the beam axial velocity OZOin the lab frame,

the beam power (P~) and the output wave power (PW) at
the point of maximum efficiency can then be calculated

(see Appendix A, (A5-7)). To specify OZO,we define a lab

frame parameter a:

a =O1O/O=O.

Thus for a fixed value of a, there is a one-to-one corre-

spondence between PW and v’. Lengthy calculations are

required to deduce v’ from PW because one might have to

scan a range of values for v’ before finding the one that

yields the prescribed PW. In practice, however, one can

make a close initial guess for v’ on the basis of the

required output wave power, the expected efficiency, and

beam energy (see (A5-7)), and then proceed to calculate

the optimum y~, X’, and PW. If P. turns out to be too

large, for example, by 10 percent, then the next guess for

u’, 10 percent smaller, can be very accurate because the

relation between PW and v’ is almost linear. If there is an

acceptable range of PW, the initial guess of v’ usually
suffices.

The choice for the velocity ratio a is guided by two

considerations—having as much energy in the perpendic-

ular gyromotion as possible and minimizing the beam

temperature spread. The second consideration sets an

upper limit on a. Our electron gun simulation code [34]

showed that for a >1.5, the beam temperature began to

increase rapidly and was no longer suitable. The required

output wave power is -300 kW, which corresponds to



CHU et 0!.: GYROTRON TRAVELING WAVE AMPLIFIER

08 --—

[

,.. ——.\
0,7 ,.

\

‘.
//’ ‘..,

‘.
OPTIMIZED X

//

“:1 ~

02 X’=1

01 [
I

, L-.~
1 105 1 10 115

Y;

Fig. 5. q’ versus 76 for grazing intersection case (X’= 1, solid curve)

and for optimized near mazirtg intersection case (X’ <1, dashed
curve). A p“oint on the das~ed cu-me q’(y& X’) is obt&ed by varying
X‘ but keeping y~ freed untit q(y~, X’) reaches a maximum, as
illustrated in Fig. 6. The peak of the dashed curve is therefore the peak

of q’ in the (y&,X’) parameter space, The parameters used for this
figure are i.= 0.48, v’= 0002, and k;= O.

05

?’ 04

I

0,3}

02}

011 L
096

~--#
097 098 1,0

x

Fig. 6. Efficiency q’ versus X’ _for y;= 1.1, F.= 0,48, v’= 0.002, and

k;= O.

v’ -0.002, if we assume y&G 1.1 and a 45 percent effi-

ciency. Thus we let v’= 0.002 be our initial guess. We now

present the calculations that lead to the optimized y~, X‘,

and PW for the initially chosen v’. The calculated optimum

PW (340 kw) turns out to be about 11 percent larger than

expected, but falls in the acceptable range.

With v’ specified at v’= 0.002, the efficiency q’ has been

calculated in a two-parameter space (y&X’). The results

are summarized in Figs. 5 and 6. Fig. 5 shows two plots of
q’ versus y:. The solid curve represents the efficiency for

grazing interaction (X’ = 1). It predicts a maximum

efficiency q’= 42 percent at y~ = 1.04. The dashed curve

shows the efficiency as a function of y’ but for an opti-

mized value of X’. The peak efficiency is now q’= 73

percent at y~ = 1.10 and X’ = 0.957. It is interesting to note

that the optimization in X‘ shifts the point of maximum

efficiency to higher y: than found for grazing interaction.

Decreasing X’ from 1 has the effect of delaying phase

1113
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Fig. 7. Growth rate @ and freguency shift Ziz DC versus X’ for 7&Z=

1.1, F.= 0.48, v’= 0.002, and kj = O, Q;, and WC are, respectively, the

wave frequency and beam electron cyclotron frequency.

trapping [14], which is one of the two mechanisms respon -

sible for saturation. Since phase trapping is more domi -

nant at higher y& this qualitatively explains why the

efficiency peak moves to higher y; with magnetic mis-

matching. To determine quantitatively the value of -Y:

where the efficiency peaks, a thorough search of the

(YL, X) parameter space was required.
It can be seen in Fig. 5 that at the value of y& for which

the maximum efficiency was found, a small variation in

X‘ from 1.0 to 0.96 caused a large change in the efficiency

from 30 to 70 percent. To further illustrate the sensitivi( y

of the efficiency as a function of X’, a graph of q’ versus

X‘ is shown in Fig. 6 for y&=1.10, the value correspond-

ing to peak efficiency. It can be seen in Fig. 6 th~at q’ is a

sensitive function of X’. It increases sharply as X’ is

decreased from unity and then falls precipitously if X’ is

reduced too much. This occurs because, for too low a

value of X‘, the system becomes linearly stable. We would

like to stress that for an experiment to operate near the

peak value of q’, it is essential to control parameters such

as magnetic field, beam voltage, and driver frequency

within an accuracy < 1 percent.

Fig. 7 shows the growth rate (~~) and the difference

between wave frequency (u;) and electron cyclotron

frequency (~~) as a function of X’ for the same parame-

ters as used in Fig. 6. Solid curves are calculated from (7)

and the solid data points are taken from the simulation

runs. The agreement between analytical and simulation

results is found to be very good for the runs shown in this

figure as well as for all other runs. From Figs. 6 and 7, we

observe that when the efficiency approaches a lmaxirnum

as a result of varying X‘, the growth rate approaches zero.

Too low a growth rate is clearly undesirable. However, as

one moves slightly away from the peak efficiency, the
growth rate increases rapidly. Some compromise must be

made between growth rate and efficiency in selecting the

operating point. For the designed amplifier, we have chLo-

sen the point X’= 0.96 where the efficiency is q’= 70

percent, only 3 percent below the peak value. As will be

shown, this point corresponds to a reasonably high power
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x,=, I

k;

Fig. 8. Growth rate versus wavenumber for /=0.002 F. = 0.48, y~ = 1.1,
and several values of X’.

TABLE I

FORMULAS FOR TRANSFOMTION FROM BEAM FRAME INTO LAB
FRAME AND FOR CONVERTING NORMALIZED @JANTITIES INTO

PHYSICAL QUANTITIES

Lab Frame
Physwd

Quantities

v (dlmensmnless)

~o(dlmensmnless)

q (dlmenswnless)

w, = CJ,clru

~, = @/yw

I?z = .ZJlw

Q,= fiec/rw

rL = FL ru

?. = r. Tlu

gain (2 dB/cm). The other parameters corresponding to

this point are: X’= 0.96, v’ =0.002, FO= 0.48, y~ = 1.1, ~ =

O, ~~ = 3.791, and ti: = 0.0342.

IV. POWER GAIN AND BANDWIDTH

Information concerning the power gain and bandwidth
is contained in the dispersion relation (7), which gives the

growth rate and the width of the unstable spectrum in the

beam frame. Fig. 8 shows some typical plots of 7 versus

~~ for v’= 0.002, F.= 0.48, y:= 1.1, and several values of

X’. The beam frame normalized growth rate (fij) can be

readily converted into the lab frame physical growth rate

(o,) by the use of the relevant formula in Table I. To

calculate the total power gain (G) and the power gain per

unit length (g), we consider a gyro-TWA device char-

acterized by a linear growth rate a, and interaction length

L. At the linear growth rate, the wave power amplification

is given by

F’OU,= P,, exp (2ti,~) (14)

where ~ GL/ V:O,V=ois the beam axial velocity and P,., POut

Fig. 9.

14, I

L I

0,
096

x’

Bandwidth versus X’ for a= 1.5, v’= 0.002 ~“ =0.48,
and several values of total power gain G:

are, respectively, the input and output wave

terms of G, P,, and Pout are related through

Pout = loG/’oP,n.

y:= 1.1,.

powers. In

(15)

From (14) and (15), we obtain the total power gain

G =20tii7/ in 10= 8.7coi7 dB (16)

and the power gain per unit length

g~8.7~j/~zo. (17)

To find the bandwidth, we let ti,m and u; be the growth

rates which yield the maximum power and half of the

maximum power, respectively, and let Gm and G h be the

corresponding power gains. By definition, G ~ and Gh are

related through

Gh= Gm– 10 log 2. (18)

Equations (16) and (18) give the ratio of ti,h to O,n:

R = qh/q ‘= Gh/Gm=l– 1010g2/Grn. (19)

The ratio R calculated from (19) is frame independent

(see the transformation formula for u, in Table I). It

determines the half-power points in the ti; versus ~ plot

(see Fig. 8) and, therefore, the width A~~ between the

half-power points. Through a Lorentz transformation, we

obtain the lab frame bandwidth

AC.J/U=/3zoAk/xl (20)

where ~=o= v=o/c, and we have assumed ~~ = O at the

center of the band (corresponding to grazing or near

grazing intersection).

Fig. 9 plots the bandwidth (AcJ/u) as a function of X’

for y~= 1.1, a= 1.5, v’=0.002, 7.=0.48, and G= 10, 20,

and 30. Comparing Figs. 7 and 9, we note that higher

efficiency corresponds to lower X’ and, hence, lower

bandwidth.

V. CONVERSION OF BEAM FRAME OPTIMUM

PARAMETERS INTO DESIGN PARAMETERS

To convert the beam frame optimum parameters into

actual design parameters, two pieces of information are

required: 1) the beam axial velocity (in a lab frame),

which can be calculated from the previously specified
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Fig. 10. Configuration of the designed gyro-TWA.

TABLE II that the wave can propagate in only one direction so as to
EFFICIENTLYOPTIMIZEDOPERATINGPARAMETERSFORTHSNRL

GYROTRONTWA a = 1.5,f= 35 GHz (A= 8.57 mm)
prevent oscillations. Amplification occurs in the uniform

field region to the right of the RF injection point. Beyond
. (dens!ty parameter)
}’ (electron energy)

1, (beam current)
T (efficiency)

Pb (beam power)
P% (wave power)

B<,

h:

,%
r,,

r!
rl
r,
“1,,/ c

V,t,lc
~ (powergatn)

bandwldlh (for G = 20)—

2076 xlO-
7082 keV

9,48 Amp
5I 00%
671 s kW
3425 kW
1287kG

196 cm-)

537 mm
252 mm

061 mm
1 91 mm

313mm
0401
0268
20 dB/cm
2 6%

value of fi, and 2) the waveguide radius, which is de-

termined from the desired wave frequency, j= 35 GHz

(see Appendix A, (A-4)).

Using the conversion formulas tabulated in Appendix

A, we have converted the optimum parameters obtained

m Section III into the design parameters for a 35-GHz

340-kW gyro-TWA. They are shown in Table II.

The experimental configuration which was based on

these design parameters is shown in Fig. 10. The entire

device is placed within the bore of a superconducting

magnet. This allows precise shaping of the magnetic field

over the entire electron beam, Such control is essential

because of the great impact small changes in the magnetic

field have on both the device efficiency and the operation

of the electron gun. The magnetic field profile shows a

carefully designed compression region required to obtain
a beam with the proper velocity ratio a. After being

compressed, the beam enters a uniform magnetic field

region where the cyclotron maser mechanism operates. An

external driver generates a RF signal which is injected at

two azimuthal positions at the left end of the drift tube so

as to launch a TEO1 wave. The use of an absorber ensures

this region, the electron beam is collected at the wall, as

the magnetic field falls off. Stray electrons are deflected

by a small magnet. The RF signal continues down the

drift tube and exits at the window.

VI. DISCUSSION AND CONCLUSION

At this time, there exists no comprehensive theory de-

tailing the effects of beam temperature on the efficiency

of gyro-TWA’s. It is possible, however, on the basis of the

condition of phase synchronism, to derive the following

qualitative condition for the validity of the cold beam

approximation [35] (expressed in the ‘lab frame):

[12vx1H~;0 1’3
@/3z+Qcsy< (21)

YOU(A)

where 8& is the axial velocity spread normalized to the

speed of light and 8y is the energy spread. A numerical

simulation has been made of the NRL electron gun [35]

(see Fig. 10 for its configuration). The beam produced in

the simulation is almost monoenergetic. Typically, the

energy spread is much smaller than 1 percent. So, contrib-

ution to the left-hand side (LHS) of (21) comes mainly

from the 13~Zterm, which is caused by a velocity pitch

angle spread. Neglecting the second term on the LH!$ of

(21) and using the parameters in Table II, we obtain

sp=<<o.2. (22)

A typical value for b~z in the simulation runs is ().02.

Thus the inequality in (22) is well satisfied and the {cold

beam approximation adopted in our theory appears to be

realistic based on the simulation studies of the electron

gun.
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In conclusion, we have formulated the linear cyclotron

maser theory and a numerical simulation code in cylindri-

cal geometry and obtained various operational character-

istics for a gyro-TWA device. We show, through an exam-

ple, how the parameters of a gyrotron device are opti-

mized to achieve high efficiencies. The choice of beam

position rO and wave number k= are based on the condi-

tion of maximum linear beam–wave coupling. The beam

density parameter v is determined from the required

power level. Finally, the specification of the lab frame

beam energy yj and the cyclotron frequency parameter X’

is based on extensive numerical calculation of efficiency

in the (y:, X‘) parameter space.
Sensitivity of the efficiency to small variations in the

relativistic electron cyclotron frequency requires that the

beam energy and the external magnetic field be controlla-

ble within an accuracy of <1 percent.

APPENDIX A

CONVERSION FORMULAS

Theoretical calculations in the present work are carried

out in beam frame, and parameters are normalized

according to (3)–(6). In this Appendix, we tabulate the

formulas needed to convert beam frame normalized quan-

tities to lab frame physical quantities. Column 2 of Table

I converts the beam frame normalized quantities in col-

umn 1 to lab frame normalized quantities. The informa-

tion needed for the conversion is the axial velocity OZO(in

lab frame) which defines the quantity y: in column 2:

y,+-p–j-’iz

where ~zO= vZO/c.

Formulas presented in column 2 are based on the

Lorentz transform. Derivations are obvious except for

items 3–6,

To derive the conversion formula for the efficiency, we

note that the EM field energy per unit length is

KB 2ti2
w,= + (Al)

where K is a geometrical factor, B, is the axial magnetic

field component of the amplified wave, and UC is the

waveguide cutoff frequency.

The injected beam energy per unit length is

Wb=h’(yo-l)nd

where N is defined in the text.

The lab frame efficiency (q) can, therefore, be written

KB=2mc2u2
~=$1=

8Tti:N(yo– 1) “
(A2)

b

In (A2) K, Bz, and OCare all frame independent quantities.

The beam frame efficiency (q’) is also expressed by

(A2) with a, N, and y, replaced by u’, N’, and y&

respectively. Thus

(A3)

Since Q= yz(ti’ + kjozo), y.= y=y~, and N= yzN’, sub-

stitution of these relations into (A3) yields item 3 in Table

I.
To derive the conversion formulas for c+, at, and k,, we

assume that the wave fields vary as exp ( – id t’+ ik~z’) in

the beam frame. Since t’and z’ can be expressed in terms

of lab frame t and z as t’= y:(t – ozOz/c2) and z’= y:(z –

oZOt), we obtain

exp (– iti’t’ + ikjz’) = exp [ – i(uj + itijyZ(t – oZOz/c2)

+ ik~y,(z – Ozot) ]

[
= exp – iyz(tij+ k;o=O)r

+ iyZ(k~ + co;o=O/c2)z

+y=q’-
Yz@jflzoz

1c= “

Thus the wave, viewed from the lab frame,

following frequency (q) and wave number (k.):

or= y=(o;+ k; C=o)

k== y=(k; +@zo/c2)

has the

and, if one follows a beam segment (i.e., let z = Uzot), one

observes a growth rate given by

@,=yz@; (l–u:o/c=)=@:/yz.

Column 3 converts the lab frame normalized quantities

in column 2 to lab frame physical quantities. The conver-

sion formulas are based on (3)–(5) in the main text. The

information needed at this step is the waveguide radius rW,

which can be determined from the desired wave frequency

through

rW= G,c/2wf (A4)

where U, is the calculated wave frequency (normalized)

and f is the desired wave frequency in hertz.

From the lab frame physical quantities in column 3, we

can derive the beam current (Ih), beam power (Ph), and

the maximum output wave power (PW):

Ib = vmc2v=o/e = 1.707 x 104V(3Z0A (A5)

Pb= Ib(yo– l)mc2= 8.535 X 10’%(yo– l)o=o/c kW

(A6)

Pw = qPb. (A7)
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