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Experimental Evidence of Relativistic Doppler
Frequency Conversion on a Relativistic—

Electron Beam Front
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Abstract—Frequency conversion of microwaves from X to Ka band

is observed upon their reflection from the front of an intense relativistic

electron beam in two different machines. The incident X-band microwaves

derive from emission of the beam itself. The resnlts are in qualitative

agreement with the expected beam front velocity monitored from variable

gas pressure, aad a pulse compression, associated with beam front

reflection, is ohserved.

I. INTRODUCTION

T HE relativistic Doppler frequency shift of intense

microwave pulses reflected from a relativistic electron

beam appears to be an efficient process ,for the generation

of submillimeter waves at high energy levels 1[1]. If the

reflection is produced by the beam front, power amplifica-

tion and pulse compression is expected to occur [2].

The ability of an electron beam front to be used as a

relativistic mirror for intense microwave pulses has been

studied in two different situations: 1) in the case of a

high-impedance relativistic electron beam (REB) device

(43 Q), and 2) with a low-impedance REB machine (2 Q).

In both cases the REB is used as a powerful microwave

generator and as the relativistic mirror.

II. EXPERIMENT with a HIGH-IMPEDANCE DEVICE

The first series of experiments was performed on a

synchrotrons maser [3] using a 43-Q Blumlein (Physics

International, Pulserad 110 A). The electron energy is

variable from 0.5 to 1.5 MV, but only values between 0.5

to 0.8 MV were used in this experiment.

The source of X-band microwaves is based on the

synchrotrons maser mechanism, using a device very similar

to that described in [3]. The 4-cm-diam graphite cathode is

located 1 cm from a 50-pm thin foil of titanium. The beam

is transported by a uniform magnetic field variable from O

to 5 kG inside a cylindrical copper waveguide 5 cm in

diameter. An iron core is used as in [3] to transfer part of

the parallel energy of the electrons to perpendicular energy.

The observed microwave pulse consists of a few spikes in

X band with power on the order of 1–10 MW, and pulse
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duration 4-10 ns. The first few spikes are emitted during the

current rise time (5–10 ns) while the total current emission

duration is of the order of 20 ns. The microwave pulse is

emitted through a Teflon window and transmitted to free

space via a large conical horn. it is then reflected b“ack from

a metallic sheet located at a variable distance from the

source (O–2 m). Part of the reflected signal comes back into

the synchrotrons maser waveguide when the main beam

density enters the machine. A second reflection, associated

with a relativistic Doppler frequency upgrading, is then

expected to occur.

The reflection mechanism on the electron beam is

understood as an increase of the cutoff frequency of the

waveguide as a function of time. The emission starts with a

frequency w slightly higher than the cutoff frequency of the

empty waveguide co~ [4]. If the frequency in the beam

frame equals co~, then the frequency in the laboratory

frame is

co = y,lcom with y,, = (1 – fl,12)-1’2 and /3,1 = o[l/c

where v,[ is the parallel electron velocity. When the beam

density increases, the cutoff frequency in the presence of the

beam co.’ reaches the initial emission frequency co. There-

fore, when the microwave pulse is coming back in the

waveguide, it can be reflected by the beam if a proper delay

is given between the emission and the external reflection, by

adjusting the position of the external mirror.

The frequency COl of the reflected pulse is shifted by the

relativistic Doppler effect [5]

@l = 0(1 + B[[)27112.

Frequency conversion from X to Ku band has been

observed in qualitative agreement with the expected beam

front velocity. No direct measurement of ~,1 was made on

this experiment, but its expected value is consistent with the

value involved in pulse compression: The duration z ~ of the

reflected pulse is reduced with respect to the duration ~ of a

short emission pulse

m
‘r~=z-.

co~

Moreover, the pulse compression has been observed from

correlation between the pulse shapes of the X-band signals

and of the Ku-band signals. The emission in the X band

appears as series of a few spikes. Very similar spike

succession is observed in the Ka band but with a shorter
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Fig. 1. Example of pulse compression. Upper trace: 3-cm signal

(emission). Lower trace: 8-mm signal (reflected signal).

‘.-band~
Fig. 2. Sketch of the experiment. @ Graphite cathode. @ Titanium

thin foil. @ Electron beam. @ External magnetic coil. @ Teflon
window. @ 3-dB rectangular-to-circular waveguide. @ Horn.

time delay between spikes. The ratio between these time

delays in the X band and in the Ka band is approximatively

equal to the frequency ratio as expected. This ratio is also

found to be the same for the corresponding spike widths in

the two bands. An example of this pulse compression is

shown in Fig. 1, where the upper trace is the X-band

signal and the lower trace is the Ka-band signal.

III. EXPERIMENT WITH A LOW-IMPEDANCE DEVICE

The second set of experiments was performed with a 2-Q

line generator with electron energy of 400 kV. The scheme

of the experiment is presented in Fig. 2.

The electron beam is injected into a 5-cm-diam pipe in a

gas at low pressure (air, 5 pm–l torr). In this configuration,

a very intense, narrow-band emission is observed around

10 GHz. This strong emission, as in the previous experiment,

is used as a microwave source and is then reflected back in

the device. One fraction of the emitted 1O-GHZ signal is
transmitted to free space through a conical horn. This

signal is detected by an antenna and measured using a

dispersive delay line in the X band. The second fraction of

the emission is transmitted to a rectangular waveguide via a

circular-to-rectangular 3-dB coupler. While observing the
primary emission, the rectangular waveguide is connected

to a matched load and introduces no reflection in the
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circular waveguide. While observing the reflection on the

electron beam, the rectangular waveguide is varied in

length and is terminated by a short circuit. When a proper

length is used (approximatively 2 m), the observed spectrum

on the delay line contains new frequencies shifted from the

emission frequencies by a factor of about 1.1. This frequency

shift is compatible with the expected beam front velocity

observed in other experiments [6] in gases for pressure

below 0.1 torr where ion acceleration occurs. Therefore,

this Doppler frequency shift appears as a new diagnostic

tool for beam propagation studies among the classical

diagnostics used in this experiment: Be probes, X-ray

fluorescence, and calorimetry.

IV. CONCLUSIONS

These preliminary results indicate that the reflection of

microwaves by relativistic electron beams is an interesting

possibility for frequency conversion and could be used for

generating high-power pulses of submillimeter waves.

In our experiments, the use of the same REB as a

microwave source and as a relativistic mirror is a limiting

factor in the observation of large frequency change because

the conditions for emission are obviously not optimum for

the reflection.

The use of an external source provides better conditions,

and the same frequency conversion from X to Ka band has

been observed at NRL [7]. The present experiment also

demonstrates the pulse compression associated with beam

front phenomena.
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