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Abstract

A free-electron-laser (FEL)-type interaction is observed between a low-energy electron beam (~0.7keV) and a radio
wave in the VHF range (4= 1.1 m). The experimental device consists of a transmission-line (TEM-mode) cavity, and
a folded-foil planar wiggler (4w =4 cm). Coherent oscillations are observed in the fundamental-cavity mode (0.28 GHz)
and in higher-order modes. The FEL-type mechanism is demonstrated here in a new regime, 1> 4.
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Free-electron lasers (FELs) [1] have been studied in the
last decades in a wide spectrum of wavelengths. Various
FELs have been demonstrated in the infrared [2], visible [3]
and ultraviolet [4] ranges, as well as microwaves [5] and
millimeter waves [6]. Our work [7] extends the operating
range of the FEL-type interaction toward radio wavelengths
and extremely low electron energies.

A typical FEL employs a relativistic e beam, which un-
dulates in a periodic static magnetic field (wiggler) and in-
teracts with an em wave. The synchronism condition for an
FEL interaction with a tenuous e beam is

I/ezk\v
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where ¥, = fl..c is the average axial electron velocity, @
and ¥ are the em wave angular frequency and phase ve-
locity, respectively, kw =2m/4, is the wiggler periodicity,
and the F sign denotes forward (—) and backward (+) em
waves. The electron wiggling frequency is ww = Vezkw. The
term 1 — Vz;/ ¥ describes the Doppler up-shift effect. Space-
charge effects and energy spread [8] may vary the FEL tun-
ing relation (1).

Short wavelength FELs [2-4] operate with relativistic
e beams in free-space ( Ve, — ¢, Vpn = ¢). Consequently, their
Doppler frequency up-shift is large (w> ww ). Free-electron
masers (FEMs) [5,6] operate with mildly relativistic e beams
in microwave and millimeter wave regimes. They employ
hollow metallic waveguides (Vg > ¢), which reduce the
Doppler shift term in Eq. (1) near cutoff.

Our FEL-type experiment operates in an extremely long
wavelength (Ai~1 m) and a low electron energy (down to
0.5keV). This energy level is much lower than that of any
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Table 1

Operating regimes of FEL-type devices

Device E-energy Wavelengths Em guide Avs. Aw
FEL  Relativistic Microns Free space A<€lw
FEM Mildly relativ. Millimeters Waveguide Ao Ay

FER Non-relativistic Meters Transmission line A> Ay

%ﬁd

Fig. 1. A scheme of the experimental FER device.

e-beam

known FEM experiment [9]. The device employs a non-
dispersive transmission line which supports TEM modes.
Hence, ¥;n = c as in short-wavelength free-space FELs. The
e beam in this experiment is extremely slow (¥, ~0.05¢)
and the Doppler shift is negligible. The FEL tuning condition
(1) is reduced to w ~ wy and, consequently,

Ao }»w/ﬂez- (2)

The em wavelength is much longer here than the wiggler
period (4> Ay), and it reaches the VHF radio band. There-
fore, the acronym FER is proposed here for this device. The
main characteristics of the FEL, FEM and FER are summa-
rized in Table 1.

The experimental FER device is illustrated in Fig. 1, and
its parameters are listed in Table 2. The low-energy e beam is
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Table 2
Experimental parameters

Electron current

Pulse width

Wiggler period

Wiggler field

Solenoid field

Rectangular waveguide
Distance between striplines
Cavity length

Quality factor

Oscillation frequencies

~0.1A at 1 keV
1-2ms

4.0cm

~0.4kG

1-2kG

1.87 x 0.87 in.2

10.2 mm

53cm

4 x 10?

0.28 GHz at 0.75keV
0.56 GHz at 2.5keV
0.85GHz at 5.7keV

Probe A

Third mode

Fig. 2. The FER scaling (4> Ay); the first three cavity modes with
respect to the electron wiggling motion, and the positions of the
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Fig. 3. The RF diagnostic scheme.

Fig. 4. The FER operation at the fundamental cavity mode; the e-
gun voltage (a), the RF detector output (b), and frequency versus

time measurements (c).
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Fig. 5. The FER operation at the first three cavity modes; the e-gun voltage sweep (a), the RF detector outputs sampled by Probe A (b)

and Probe B (c), and frequency versus time measurements (d).

generated by a planar thermionic cathode. A five-layer coax-
ially fed folded-foil [10] forms a planar wiggler (A, =4 c¢m)
tapered at both ends. The e beam is confined by an ax-
ial magnetic field. Two parallel striplines stretched along
a rectangular waveguide (WR187) provide a non-dispersive
transmission line. Two mirrors with holes at both ends of
the 53 cm long transmission line form a cavity (the mirror
reactance slightly modifies the effective cavity length). The
output signal is sampled by two dipole probes inserted into
the narrow waveguide wall as illustrated in Fig. 1. Probe A
is located 3 cm from the cavity mirror. Probe B is installed
in the middle of the cavity’s length, thus it samples only

the odd longitudinal modes. The different locations of the
probes enable a distinction between the longitudinal cavity
modes, as shown in Fig. 2.

Fig. 3 shows schematically the RF diagnostic set-up.
The em power evolved in the cavity is sampled by the
RF probes, attenuated, and split for amplitude and fre-
quency measurements. The signals are detected by cali-
brated crystal detectors (Elisra-MW-1170D, HP-8474D).
The low operating frequency enables a direct observation
of the FER output signals by a fast digital oscilloscope
(without any envelope-detection or mixing). In addition,
a frequency and time interval analyzer (HP-5372A) is
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Fig. 6. A direct oscilloscope observation of the fundamental FER
mode oscillation.

used to measure the signal-frequency evolution during the
pulse.

The FER experimental results are presented in
Figs. 4-7. The interaction with the fundamental longitudi-
nal mode of the cavity is demonstrated in Figs. 4(a)—(c).
The e-gun voltage pulse shown in Fig. 4(a) has a maxi-
mum voltage of 760V (unregulated) and a pulse width of
~2ms. The detector output of the corresponding RF signal
is shown in Fig. 4(b). Its spectral evolution is measured
by the frequency and time-interval analyzer as shown in
Fig. 4(c). A coherent oscillation at 275 MHz (4 = 109 cm)
is clearly observed. This frequency corresponds to the
fundamental longitudinal mode of the cavity.

A sweep in the e-gun voltage as shown in Fig. 5(a) yields a
sequence of oscillations in the first three longitudinal modes.
The simultaneous detector outputs of Probes A and B are
shown in Figs. 5(b) and (c¢), respectively. The measured fre-
quencies of the three pulses shown in Fig. 5(d), are 0.85,
0.55 and 0.28 GHz, in agreement with the third, second, and
first longitudinal cavity modes, respectively. The mode iden-
tification is confirmed by the coupling of the second mode
to Probe A and not to Probe B (located in a null of the
even modes). In addition, the fundamental mode coupling to
Probe B is larger than to Probe A, in accordance with their
different locations. Fig. 6 shows a direct oscilloscope mea-
surement of the FER oscillation at the fundamental mode.

An accumulation of over one hundred experimental shots
is presented in the form of a frequency—voltage map in Fig. 7.
Each dot represents the measured frequency and e-gun volt-
age at the peak of each RF pulse. Three groups of dots are
clearly observed in the frequencies of the first three longi-
tudinal modes listed in Table 2. The curved line in Fig. 7
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Fig. 7. A frequency—voltage diagram of the FER device; experi-
mental results (dots) and the theoretical FEL tuning curve (1).

shows the theoretical FEL tuning relation (1) for a back-
ward wave. The slightly higher gun voltages in the exper-
imental results are attributed to small space-charge effects.
The voltage spread in each mode reflects the detuning ac-
ceptance [8].

In conclusion, the experiment presented in this paper ex-
tends the proven operating range of the FEL-type interaction
towards the long wavelength limit. The new operating
regime, 1> A, is associated with an FEL operation in ex-
tremely low e-gun voltages (below 1 kV in our experiment).
Coherent oscillations are clearly observed in several cavity
modes. The ability of a direct oscilloscope observation may
provide a clear insight into FEL time-domain phenomena.
In practice, low-voltage FER devices might be consid-
ered for long-wavelength communication and industrial
applications.
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