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Abstract 

This paper deals with a novel idea to excite electrons 
to radiate energy in the short (millimeter) wavelength 
range A short electron bunch is rnade to travel along 
the axis of a waveguide where a TM c,lcct.ronlagnetic 
wave is also traveling and causes the beam to perform 
transverse oscillations. The electrons radiat,c energy as 
a consequence of the oscillations. It is found that a 
convenient mode of operation is to drive the waveguide in 
proxirnity of the cut-off. 

1 INTRODUCTION 

It is well-known that there are no rf power sources of 
significant amount for frequencies larger than 3 GIIz. 
Ordinary conceived methods to produce radiation with 
short wavelengths is to let a bunch of electrons to travel 
down a magnetic structure with alternating field direction, 
up and down, like in the wigglers or in the undulalors, 
as it is done in circular synchrotron radiation facilities. 
Nevertheless these devices are ordinarly used to generate 
radiation of much shorter wavelength. We propose a 
new method to produce radiation of wavelength in the 
millimeter range, which still makes use of a short electron 
bunch, traveling l,his time down a waveguide which is 
at the same tirne excited by a lower TM propagating 
electromagnetic (EM) wave. Radiation can be obtained 
by Gggling the motion of the electrons in a direction 
perpendicular to the main one. The wiggling action cm 

be induced by electromagnetic fields in a fashion similar 
to the one caused by wiggler magnets, as we shall show 
in this paper. We found that an interesting mode of 
operation is to drive the waveguide with an excitation 
of frequency very close to the cut off. Jndeed for such 
excitation, the corresponding EM wave travels with a 
very large phase velocity which in turn has the effect 
of increasing the wiggling ac.tion on the electron bunch. 
Our method, to be effective, relies also on the coherence 
of the radiation from electron to electron; that is the 
bunch length is taken to be considerably shorter than 
the radiated wavelength. In this case, the total power 
radiated should be proportional to the square of the total 
number of the electrons in the bunch. 

‘Work performed under the auspices of the U.S. Depart- 
ment of Energy. 

2 EQUATIONS OF MOTION 

2.1 Fields in the M’aveguide 

Consider a straight, square wavrguidc of prrfect.ly con- 
ductive walls of width ru. Define a cartesian coordinate 
system with z being the direction of the propagation of a 
TM traveling wave, along the waveguide axis. The scalar 
potential of one of the lowest modes is’ 

V = Vesin L?r; cos 7ru: cos(/zz -it) 
(’ 7 ( “> (1) 

which satisfies the condition that the z component of 
the electric field vanishes at the wall surfaces I = &w/2 
and y = fw/2. The dispersion relation that relates the 
frequency w to the wave nimiber k is 

(2) 

The propagation of the wave in the waveguide requires 
that Y is larger than the cutoff frequency w, with 

Introduce t.hc form factor (I = wc/ti. q is related to the 
nornrahzed phase velocity &, = uj/kr hy 

jjl, zz --!-..- 
Jm 

(3) 

The range of value of (1 fulfilling the contlition of proJ)a- 
gation is 

0 < q < 1 and ,&, > 1. (4) 

Associated to J’ is the vector potential A which has only 
a longitudinal component A = ,&\‘. The electric E and 
magnetic B fields can be determined as 

Ir;:, = -2Aos a2 (.otS 72 cmd 
tu ( J . ( ,> 

(5) 

Ey = 7rz sin (27rz) sin (ri) cos$ 

E, = -k (@; - 1) V 0sin (27rz) cos (if:) sin@ (7) 

and 
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B, = -B, E, (8) 

B, = pw E, (9) 

l-1, = 0 (10) 

where 4 (z, t) = tz - w2 is the phase of the elrctro- 
magnetic wave. 

The total power flow P along the waveguide is oh- 
tained by integrating the axial component of the Poynting 
vector over the cross-section of the waveguidr 

+f ++J 
P-k JJ (&By - B,E,)dx dy = $ /!Yw v,“. 

-Y -‘: -- 2 
(11) 

2.2 Motion in the Waveguide 
Consider an electron of rest mass m and electric charge 
e moving along the waveguide. The equations of motion 
including the force Frad of radiation reaction is 

d (rv) 
?” --ii-- =eE+e; xB+Frad (12) 

where v 5 (i,y,:) = $c is the velocity vector of the 
electron. Assume that the amplitude of the transverse 
motion of the electron is small compared with the trans- 
verse dimension UI. With the chosen mode, the vertical 
displacement is small compared with the horizontal one. 
The transverse components of Eq (12) can be approxi- 
mated by 

m !f.+!?J = 2ne (p,/fYw - 1) z CDS (27rL) C0Sd (13) 

,,!&LO 
d’t 

The longitudinal component of Eq. (12) can be replaced 
by the one desc.ribing the energy change of the electron, 

&e =ev.E- P 
dt rad 

where 

P t-ad = +$y6 [“- (“x g)2] (15) 

is the power loss due to the radiation. 
For relativistic electrons, @Z,V << PE < 1. Under 

the conditi’on that IO,&,, - 11 > ,&/pZ, the horizontal 
equat.ion of motion becomes for small displacement z << 1~1 

j; = !-Pwcos6 (16) 

f-p = 2&(pw - l 
” u;3 

m07 

The solution to Eq. (16) is 

2 = -w Y2 cos .$J, u = n/n, 

which is an oscillation at the frequency of 
slippage 

Q) = 4 = -ct o!$ - ,&) 

(17) 

(18) 

the phase 

In the case that /3x x 1, the condition for small-amplitude 
oscillation v2 << 1 becomes 

(20) 

which limits the value of Vs. Based on Eq. (16), the 
energy change becomes 

dy eVo 2 

t= mr2 
(--> [ 

4w 0% - 1) (PUJ + 2) sin ~ cos d 

5YAJ 

(21) 

87? dc(.& - lJ2 cos2 9 -- 
3 W2 

I 

where ro = ez/mc2 is the classical electron radius. The 
last term in Eq. (21) corresponds to the radiation loss 

2.3 Radiation 
In the frame with the reference electron at rest, the EM 
wave in the waveguide is incident on the electrons and 
results in Thomson scattering. Using Lorentz transfor- 
mations, the frequency of the wave emitted from the 
scattering observed in the laboratory frame, is 

w ?w -A 
wT = 1 p, . (22) 

The power radiated by a single electron is given by 
Eq. (15). In the case that the number of oscillations of 
the electron in the waveguide is very large, this power is 
mostly emitted at the frequency CJ,. 

With a bunch of N electrons, the maximum amount 
of power can be achieved if the electrons radiate coher- 
ently. When the longitudinal bunch length is consid- 
erably smaller than the radiated wavelength, and when 
the transverse bunch width is smaller than the oscillation 
amplitude, the power is 

p 
rad 

= N2e2y4w2Q4 

3c3 (23) 

For a monochromatic radiation, the relative variation of 
the electron energy within an oscillation period must be 
small, i.e. according to Eq. (21) 

1 d-r -_ = 

flay dt 
5*zv4 (A + 2) < 1, 

UL + 1) where 
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3 APPLICATIONS 

3.1 Frequency Thnsformer and Power Amplifier 
The device that consists of the wiggling electrons and 
the waveguide with propagating TM wave, can be char- 
acterized by two parameters & and Rp describing the 
frequency and power amplification, respectively. Since 

Au > 1, 

R, = w,/w > 1 (25) 

indicating that the radiated frequency is always larger 
than that of the waveguide input. 

Under the condition of coherent radiation, the ratio 
of power amplification is 

RP := 256KN2T24 (BPW - II2 
15w2 17, 

(26) 

which does not depend on the voltage amplitude Vo in 
the waveguide. 

3.2 Modes of Operation 

In the case R, - 1 and Rp >> 1, the device is a power 
amplifier It is thus required that the electron speed is 
low, and the waveguide operates well above the cutoff 
frequency. In the case R, >> 1, the device is a frequency 
transformer. Eq. (25) implies that the electron energy 
should be high, 7’ >> 1. Eq. (26) further indicates that 
higher power can be achieved if the waveguide is operated 
near the cutoff frequency, /J,, >> 1. 

Operating near the cutoff frequency, however, im- 
poses a stringent condition on the beam quality. From 
Eq. (21), the oscillation amplitude must be small enough 
to satisfy 

Y4 << $$ cm 

An example of this mode of operation is shown in Table 1. 

Table 1: An Example of Frequency Transformer 

Kinetic Energy of Electrons 
Number of Electrons 
Bunch Length 
Input Frequency 
Radiated Frequency 
Frequency Transform Ratio 
Power Amplification Factor 
Phase Velocity, pu) 
Cutoff Frequency 
Waveguide Dimension, w 
Period of Oscillations 

4 MeV 
4 x 10” 

1 mm 
1.3 GHz 
190 GHz 

146 
1.06 
15.5 

1.2973 GHz 
25.8 cm 
24.5 cm 

4 CONCLUSION 

A practical demonstration of the method discussed in this 
paper would be valuable even, for instance, with low initial 
power amplification and modest electron beam intensity. 
There arc nevertheless still a number of technical and 
design issues to be solved. For instance, an experimental 
evidence of cohenrnf radiation is crucial in our model. We 
plan to continue by examining closely the interaction of 
a short electron bunch with an electromagnetic wave of 
general propagating mode traveling in a waveguide. We 
would also like to consider more realistic, less conductive 
wall material which could have the effect of slowing down 
the phase velocity. 
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