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Opposite-wave generation in cyclotron-resonance masers with linear longitudinal 
variation of the waveguide radius and the leading magnetic field is considered. 
Conditions for the generation suppression are obtained. 

Cyclotron-resonance masers ( CRM) are prom1smg as high-intensity generators and amplifiers of 
microwave radiation in the millimeter and submillimeter bands [1-5]. In comparison with their most 
extensively studied options, the gyrotrons, at a fixed magnetic field, they can use shorter waves owing 
to the Doppler frequency shift. Moreover, the CRMs require lower electron energies for their operation than 
ubitrons because the cyclotron oscillation pitch can be made smaller than the undulator period. 

The first experimental investigations of the CRM generators [2] and amplifiers [3] have been mostly 
carried out in the so-called grazing synchronism mode where the longitudinal velocity of electrons coincides 
with the group velocity of the electromagnetic wave which is the lowest mode of a round waveguide Hu. 
This ensures the single-mode interaction, but necessitates the use of waveguides with low cross sections, 
with diameters on the order of the radiation wavelength. 

It is clear that, at short wavelengths, this mode imposes hard-to-satisfy requirements both on the 
shaping and transportation of a helical relativistic electron beam and on the heat removal from the walls 
at high levels of intensity. Therefore, a more natural approach is to increase the waveguide diameter 
and, accordingly, to pass to higher modes. However, in this case, in addition to the beam's synchronism 
with the forward wave, also occurs a synchronism with lower-frequency opposite waves, whose excitation 
is undesirable. Therefore, in order to implement the efficient forward-wave CRMs, techniques should be 
developed for suppressing spurious generation at opposite waves. Among these are the use of waveguides 
with absorbing walls or waveguides consisting of short sections separated by absorbers [1, 4]. The section 
length must be shorter than the starting length for spurious mode generation. 

The method proposed below is based on longitudinal variation of the waveguide radius [2] and the 
leading magnetic field, which allows one to vary the phase relations between the beam and the opposite 
wave and, in some modes, to suppress its generation. It is possible to select the CRM parameters so that 
longitudinal nonuniformity has no effect on forward wave amplification. 

We describe the interaction of the helical relativistic electron beam with the opposite electromagnetic 
wave in the maser in the same way as in [5], neglecting the drift of the electron beam's leading center and 
small transverse components of a weakly nonuniform external magnetic field. Moreover, we assume that 
the wave frequency differs significantly from the mode's critical frequency, so that the excitation equation 
can be used in a single-wave approximation. Then the self-consistent system of equations for the motion of 
electrons and wave excitation has the form 

(1) 

"2001 by Allerton Press, Inc. 
Authorization to photocopy individual items for internal or personal use, or the internal or personal use ol specific clients, is granted by Allerton Press, Inc., for libraries and 
other users registered with the CopyriQht Clearance Center (CCC) Transactional Reporting Service, provided that the base fee of $50.00 per copy is paid directly to CCC, 222 
Rosewood Drive, Danvers, MA 01923. 

23 



Mo1cow Uni11e1"1ity 
Phy1ic1 Bulletin 

where 

2• 

dF - Io_!_ I u' diJo 
dz' - 27r 1 + b(l - lul2 ) ' 

0 

[
1- 2(1 +2hf3,o) 'Yo - 'Y] 1/2 e°'i• 

{3 l_O 'YO 

Vol. 55, No. 2 

(2) 

is a complex variable describing the variations of energy ('Y is the relativistic factor) and slow electron 
phase {) = s8 - (wt+ k,z), 8 is the phase of cyclotronic rotation, s is the harmonic number, w, k, are the 
frequency and longitudinal wave number of the wave; /3J..o,/3zo are the initial transverse and longitudinal 
electron velocities normalized by the velocity of light, 'Yo is the initial relativistic factor; z' = wz/(cf3o) is 
the longitudinal coordinate; h = k,c/w is a quantity inversely proportional to the wave's phase velocity; F 
is its normalized complex amplitude; the asterisk denotes complex conjugation. 

The system of equations (1), (2) contains four parameters: b, µ,!!.,and I0 • The normalized interaction 
length is determined after solving the boundary value problem in the case of absolute instability under study. 

The recoil parameter 

b = hf31o ( ) 
2f3,o ( 1 + hf3,o) 

3 

determines the variation of longitudinal velocity with the electron energy in accordance with the 
"autoresonance" integral of motion: 'Y(l +[3,/h) = const. The inertial grouping parameter 

µ = f31o(l - h2) (4) 
2(1 + hf3,o) 

characterizes the electrons' nonisochronism. The cyclotron resonance detuning has the form 

8 = 1 + hf3,o - sflo/w, (5) 

where flo = eBo/(m'Yo) is the cyclotron frequency of electrons. 
For the case of a tubular electron beam (with current hand radius Rb) in a circular waveguide (with 

radius Rand mode Hm,p), the current parameter lo is given by 

Io= 2 eh 1 + hfJzo x2 
[ 1 (x sfJJ_o ) •-1) 2 J!,., (kj_Rb) 

mc3 'Yo h (s-1)!2' l+hf3,o (v2 -m2 )J.;(v)' 
(6) 

where kl.= v/R is the transversal wave number, vis the mode eigenvalue; x = kl.c/w. 
The boundary conditions for the system of equations (1), (2), corresponding to a single-velocity, 

unmodulated beam at the input and no opposite wave at the output, are given by 

F(L') = 0. (7) 

Let us employ a normalization that allows us to eliminate the current parameter Io from equations 
(1), (2), 

(' = .,/J; z', I F 
F = v'fo' 

I µ 
µ = v'fo' !!.'= ~; 

vio 

the primes are henceforth omitted. 
In terms of these variables, the energy conservation law has the form 

2• 
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This allows us to express the equivalent efficiency T/J. in terms of the input wave amplitude Fo = F(O), 

2~ 

T/J. = 1- _!__ j lu(C:Jl2dt?o = 1Fol2. 
21r 

0 

Then the electron efficiency of the interaction is 

1J _ /3lo T/J. _ /3lo 1Fol2 
- 2(1 - lho)(l + hf3,o) - 2(1 - lho)(l + hf3,o) · 

For a linear variation of the magnetic field and the waveguide radius, 

B=Bo(l+liBz/L), R=Ro-ztancp, 

(9) 

(10) 

the cyclotron resonance detuning also becomes a function of coordinate ( with a certain effective profiling 
coefficient 6, 

11 = !!lo - Ii(, 

(11) 

Formula (11) was derived under the assumption that the operating frequency different sufficiently from the 
critical value, (k,oL) 2 » 2v2(L/ R 0 ) 3 tan cp. 

Note that the interaction efficiency may significantly increase for 0 > 0 (a growing magnetic field, a 
narrowing waveguide) [5]. Then we consider the opposite case Ii< 0 corresponding to a decreasing magnetic 
field and an expanding waveguide. 

We limit ourselves to the fundamental cyclotron resonance, s = 1. Isolating the dependence on the 
wave number h in (6), 

Io = (1 + hf3,o)x2 I, 
h 

I= eh G, 
2mc3-yo 

where I is the new beam current parameter, we represent the normalized inertial grouping parameter µ of 
(4), (8) as 

/3lo J(l - h2)h 
µ, = 2,/l (1 + h/3,0)'/2. 

(12) 

This demonstrates that µ, = 0 at h = 0, h = 1, and the function µ(h) has a single maximum at h = 
( Jf3:o + 3 - f3,o) /3, which lies in the range from h = 1/,/3 (at f3,o = 0) to h = 1/3 (at /3,o = 1). 

At the fixed parameters b, µ,,Ii and the given input wave amplitude Fo, the system of equations (1), (2) 
was integrated for different values of the detuning 110 , until the output wave amplitude F((o) vanished to 
within a specified accuracy (F(C:o) < 10-2 F0 ). The corresponding values of !!lo and C:o play the role of 
eigenvalues of the boundary value problem and determine the generation frequency and the interaction 
length. As follows from (9), this solution corresponds to the generation of an opposite wave with the 
equivalent efficiency T/J. = 1Fol2 • The maximum efficiency is determined by the value Fom, beginning with 
which (for Fo > Fom) no solution exists. 

Our modeling showed that with increasing absolute value of the profiling coefficient the maximum 
efficiency decreases monotonically and vanishes at a certain critical value lie(µ, b) (Fig. 1). This means 
suppression of opposite-wave generation for llil > Iii.(µ, b)I (Ii < 0). Note that, as the wave number 
increases from 0 to 1, the recoil parameter b (3) grows monotonically from 0 to the maximum value b = 
/310 /[2/3,o(l + f3,o)], which does not exceed 0.1 in the practically important cases (/3J.O :S 1/'yo, 'Yo 2'. 2). 

25 



Mo11cow Univer11ity 
Ph.y11ic11 BuUetin Vol. 551 No. 2 

~i 
0.20 

Fig. 1 

Typical dependence of maximum equivalent efficiency on the profiling parameter &; b = 0, 
µ=3. 

Fig. 2 

Absolute value of critical profiling parameter loci as a function of inertial grouping 
parameterµ at b = 0 (1) and 0.1 (2). 

Therefore, the critical profiling parameter Oc was plotted as a function of the inertial grouping parameter µ 
at b == 0 and b = 0.1 (Fig. 2). These data allow us to determine the conditions for the waveguide aperture rp 
and the magnetic field variation 5B, which are necessary for suppressing opposite-wave generation. 

Let us first consider the case of a uniform magnetic field (oB = 0). In accordance with (11), (12), the 
expression for the angle can be represented as (tan rp < 0) 

JtanrpoJ = 10,(µ,b)lvJI/3l,o ~. 
µ 2.s,oV~ 

(13) 

The quantity J,/ µis shown in Fig. 3 as a function ofµ. Noting that JJ,I/ µ::; 2, we obtain the following 
estimate: 

rr.Bio~ itanrpol::; vvi-2- h" . 
,8,0 1 + ,..,o 

(14) 

We see that the maximum of the right-hand side is attained at h = 1. Thus, in order to suppress generation 
in the entire variation range of the normalized wave number, from 0 to 1, the waveguide angular aperture 
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must satisfy the condition 

(15) 

For example, at {ho = 0.5, /3zo = 0.71, v = 1.841 (mode Hu), we obtain I tancpol ~ 0.7..;7, which 
yields acceptable angle values for moderate currents (roughly, I :S 10-2). The results of calculations by 
formula (13) are compared with estimates (15) in Fig. 4. The noticeable difference for small wave numbers 
is due to the reduction of the recoil parameter and, in accordance with Fig. 3, the quantity l<fcl/µ in this 
region. 
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Fig. 3 

Dependences of l<fcl/µ on inertial grouping parameterµ at b = 0 (1) and 0.1 (2). 

Fig. 4 

Dependence of I tan<pl on normalized wave number hat /3J.o = 0.5, f3,0 = 0.71, I= 10-2
: 

curve 1 - calculation by formula (13), curve 2 - estimate by formulas (15). 

For the relative longitudinal variation of the waveguide radius, one can obtain the following relation: 

!:J.R = LI tan 'Pol = l<fcl (ob. 
Ro Ro µ 

The variation of the waveguide radius affects detuning of both the opposite and the forward waves, 
which depends on the coefficient dt that can be obtained from (11) by replacing the wave number and 
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the wavelength. This variation is undesirable for efficient amplification of the forward wave, and can be 
compensated by choosing the appropriate magnetic field nonuniformity oB i 0, subject to the conditions 

{16) 

where ao, do and a1, dt are the coefficients in (11) for the opposite and forward waves, respectively. Formulas 
{16) are a system of two linear equations by which we determine the required values of oB and tan 'f', 

Q _ h{l - h1f3,o) 
- h1(l + hf3,0 )' 

h _ {1 + (3;0 )h + 2(3,o 
1 - {1 + f3;0 ) + 2(3,oh' 

oB _ (3 ><2(1- h1f3,o) JocJ(0b 
- '

0 
h1 {1 + h{3,0 ) 2 µ(1 + Q)' 

where ht is the normalized wave number of the forward wave. 
For example, with the values of f3J.o, (3,o, and I that were used in Fig. 4, the required magnetic field 

reduction is small, amounting to a few percent. 
Thus, the use of an expanding waveguide in the CRM allows one to suppress opposite-wave generation 

at moderate beam currents. With appropriate choice of the magnetic field variation, waveguide profiling 
does not affect forward-wave amplification. 
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