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Abstract: - We are developing prototype free electron maser (FEM) that is compact, powerful and efficient for
potential industrial applications. The design, set-up and results of a novel X-band rectangular waveguide pre-
bunched free electron maser (PFEM) are presented in this paper. Our initial device operates at 10 GHz, without
wiggler and employs two rectangular waveguide cavities (one for velocity modulation and the other for energy
extraction). The electron beam used in this experiment is produced by thermionic electron gun which operates
at 3 kV and up to 50 pA. The nominal beam diameter is 1mm passing across the X-band cavity resonators. The
resonant cavity consists of a thin gap section of height 1.5mm which reduces the beam energy required for
beam wave interaction. The results, progress so far and the scope of work for the next couple of months are
reported.
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1 Introduction spectrum. This is called the spontaneous emission
and is not coherent. This is because the electrons
position in the beam are random, which results in
random phases between the EM wave which they
emit. The total radiated power is proportional to the
number of electrons in the beam, i.e. the beam
current, and is weak [3].

If the electrons in the beam could be bunched
together to form a larger bunches separated by one
period of ‘optical’ wave along the wiggler as they
traverse it, these bunches of electrons would radiate
in phase with one another. This radiation will
become coherent if the electrons were tightly
bunched together. The coherent radiation is
sometimes called the superradiant emission [3].

The FEL mechanism which allows stimulated
emission to occur requires an EM wave to interact
with the electron beam. If the source of this EM
wave is external, the FEM is called the FEM
amplifier. Alternatively, if the spontaneous emission
is allowed to build up in the waveguide resonant
cavity, the source of the EM wave is the positive
feedback due to the radiation from the previous
electrons. This type of FEM is called the FEM

The free electron maser (FEM) is a source of
microwave power which makes use of the
interaction between the electron beam and
electromagnetic radiation [1]. The conventional
free electron laser (FEL) consists of three main
components: an electron beam in vacuum, a
magnetic wiggler or undulator, which stimulates the
electron to emit radiation and an optical cavity
formed by two mirrors, which contains and builds
up the radiation. In our project, the radiation is at
microwave frequencies, therefore, the mirrors will
be replaced by a resonant waveguide cavity, and the
term free electron maser (FEM) is used.

When an electron passes through the wiggler
magnet it oscillates from side to side. The electron
radiates an electromagnetic wave but at a higher
frequency than the wiggler frequency. The electron
radiates almost uniformly from one end of the
wiggler to the other and the resulting wave packet
contains only a finite number of oscillations [2]. The
wave packet has an almost square envelope. Hence
its Fourier transform results to a sinc” intensity

ISSN: 1109-2742 259 Issue 4, Volume 9, April 2010



WSEAS TRANSACTIONS on COMMUNICATIONS

oscillator. In stimulated emission, the radiated field
will be much more intense that that due to
spontaneous or coherent emission. The stimulated
emission is sometimes called the stimulated
superradiant emission. The power emitted by the
wiggling electron bunches is now proportional to
the square of the beam current [3].

In the normal operation of conventional FEL, the
process of bunching of the electron beam is essential
before gain can occur and this usually means that a
reasonable large electron beam current ( > 100mA)
is required. FEM operating at low currents will not
be able to produce this natural bunching process, as
the wall losses within the waveguide cavity are
greater than the round-trip signal gain due to the
beam-wave interaction, hence no amplification of
the wave is achieved. The optical klystron method is
normally used to overcome this lasing threshold
(between equal gain and loss) at lower beam
currents [4]. In this method, two wiggler magnets
are used, separated by a dispersive section where the
electron bunching process due to the first wiggler
can accumulate, so that a much more efficient
electron beam — EM wave interaction can obtained
in the second wiggler.

The use of a pre-bunched electron beam with an
FEM offers the possibility of investigating FEM
physics at very low current levels of the order of 1 —
5 mA. Doria et al have proposed a theory for the
coherent emission and gain from a bunched electron
beam passing through a waveguide FEM system [5].
If the electron is bunched by a klystron buncher
cavity, the gain depends on the beam current and
inverse square root of the input power [5].
Unfortunately, with a typical of 20 — 40 periods per
wiggler, the length of this system would be large
considering that the electron gun, accelerator and
beam control elements have also to be
accommodated.

The purpose of this research is to produce a low cost
FEM mainly for industrial processing, for which the
FEM offers the prospect of a microwave source with
a broad tuning range, high power and reasonable
efficiency which is higher than other conventional
FEL or microwave devices. We are developing a
novel pre-bunched free electron maser (PFEM)
operating at a relatively low voltage of 3 kV at a
frequency of 10 GHz, using available and affordable
technology. This results in a compact, powerful,
efficient and low cost device potential for industrial
applications, such as plasma welding torch,
pollution control, microwave processing of
materials and detection of shallow buried non-
metallic landmine [6,7]. The system, shown in
Figure 1, consists of an input rectangular cavity (for
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velocity modulation of the electron beams) and an
output rectangular cavity (for energy extraction).
The experimental result demonstrated coherent
emission and gain with a beam current of up to 50
pA.

A novel design scheme allows the PFEM to operate
at a low current and accelerating voltage,
maintaining a compact design. The acceleration
voltage is applied directly between the electron gun
filament and input cavity. The same X-band
microwave source is fed into both the cavities. The
phase between this output cavity and the input
cavity can be tuned by employing a phase shifter.
The velocity modulated electron beam from the
input cavity interacts with the microwave E-field in
the output cavity, which emits strong coherent
radiation, as a result, enlarged microwave power can
be obtained [8,9].

All other FEM or FEL research at universities or
defense institutions either operates at very high
voltage or current, or both. In all cases, the FEL cost
is very expensive. This research project is unique
because the PFEM uses low voltage and low
current. Due to the low wvoltage, the output
frequencies are in the microwave frequency range,
where monitoring equipment are more readily
available and cheaper. The equipment breakdowns
are rare, and the ionizing (X-ray) radiation is not
dangerous. Due to the low current, it is easy to
maintain the high vacuum condition. Due to both
(low voltage and low current), the PFEM system
can be operated (powered) from the mains socket
(240Volts and 13 A).

The PFEM is tuneable, which means the operating
frequency can be tuned by simply adjusting the
acceleration voltage. The PFEM also requires
minimal labor for design and construction. This
means that the PFEM can be made at a cost cheaper
than the currently available microwave source. The
next sections will show a possible way forward in
the design of a compact, low voltage and low
current PFEM which has great potential for
industrial applications.

2 PFEM Design Concept

The PFEM structure appears to look like a
klystron, with its input cavity and output cavity, as
can be seen in Figure 1. Each cavity consists of
three sections: the standard X-band section, taper
section and the thin gap section. The PFEM is
operated in the X-band, at 10 GHz operating
frequency. Hence the standard X-band section is
used to interface the PFEM with other components
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operating in X-band region such as the E-H tuner,
phase shifter, ferrite isolator, Moreno cross-coupler
and X-band source.

Standard T T Standard

Xband aper . . aper  Xband
. Thin gap section .

section section &ap section section

<+—r¢—> 4+—P¢—>

10.16 mm Input Cavity

Output Cavity

"

22.86 mm

Figure 1: Diagram of PFEM showing the input
cavity and output cavity

The end of the thin gap section is terminated by a
short circuit wall. The EM wave is fed into the
standard X-band section of the input cavity, thus
generating a standing wave TE;, mode wave
propagation pattern in the cavity [10]. A taper
section is constructed to interface between the
standard X-band section and the thin gap section. In
a taper section, the dimension of the waveguide
varies smoothly. This allows a smooth transition of
EM wave fed from the input of the standard X-band
section to the thin gap section [11].

Apertures of 4 mm diameter are drilled at the
centre of thin gap sections of the input cavity and
output cavity respectively. An electron gun is placed
just before the input cavity. Electron beams are
emitted from this electron gun source. The direction
of travel of the electrons is in parallel with the TE,,
mode field of the EM wave, ensuring strong
interaction between the electron and the EM wave.

The thin gap section has a height of only 1.5 mm,
and is designed to increase the intensity of the E-
field strength, and also allows short electron transit
time possible. This height of the thin gap section is
chosen so that the transit time of electron in the thin
gap section of the PFEM waveguide must be less
than the time for half of a wavelength of the
standing wave sinusoidal waveform.

The electrons are velocity modulated by the
intense EM wave strength in the thin gap section. In
other words, the electron beams are pre-bunched by
the EM wave in the input cavity. At the same
instance, the same EM wave fed into the input
cavity from the X-band source is coupled out via a
Moreno cross-coupler and coaxial cable and fed into
the output cavity.

A phase shifter is placed at the output cavity,
where the phase of the EM waves between the two

ISSN: 1109-2742

261

Fareq Malek, James Lucas, Yi Huang

cavities can be varied from 0 to 360 degrees. The
phase in between the two cavities are varied so that,
bunched electrons will arrive at the output cavity
having the same phase as the EM wave, to allow
synchronism with the EM wave which results in
amplification of the EM wave in the output cavity.

However, the PFEM principle is different from
the klystron. The klystron uses a drift space region
in between the cavities, to allow the electrons to
bunch. The output cavity in klystron is then located
at a certain distance from the input cavity, where
optimum bunching of electron occurs. The PFEM
does not use the drift space region concept. In
PFEM the two cavities are on top of each other, and
there is no drift space (field free region) between
them. A silicon ‘O’ ring is placed in between the
two cavities for vacuum sealing purpose, and to
separate the two cavities. Thin PTFE sheets are also
placed in between the two cavities (in between the
two thin gap sections). The separation of the two
cavities in PFEM allows current flowing across the
apertures of the output cavity to be monitored in the
future.

PFEM uses EM wave to pre-bunch the electrons,
instead of relying on drift distance as in microwave
klystron. If the phase is correct between the two
cavities, then the velocity modulated electron after
passing the input cavity will interact with
synchronism with the EM wave at the output cavity.

When the phase of the EM wave is maximum
positive, i.e., peak positive amplitude, the electron
will be accelerated at the fastest velocity. Due to the
use of phase shifter, the electron then reaches the
output cavity and encounters the EM wave that has
the same phase as the EM wave in the input cavity,
i.e., peak positive amplitude. Due to the velocity
modulation process in the input cavity, the electron
gains velocity, v + Av, where v is the initial velocity
of the electron. In the output cavity, the electron will
interact with the peak E-field positive amplitude.
Energy exchange occurs where the electron beam
transfers its kinetic energy into microwave energy.

When the phase of the EM wave is minimum
negative, i.e., peak negative amplitude, the electron
will be decelerated at the slowest velocity. Due to
the use of the phase shifter, the electron then reaches
the output cavity and encounters the EM wave that
has the same phase as the EM wave in the input
cavity, i.e., peak negative amplitude. Due to the
velocity modulation process in the input cavity, the
electron lost velocity, v — Av. In the output cavity,
the electron will interact with the peak E-field
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negative amplitude. Energy exchange occurs where
the electron beam transfers its kinetic energy into
microwave energy.

In the first case (positive electron velocity
interacts with positive E-field), the dot product of
two positives results in positive value. In the second
case (negative electron velocity interacts with
negative E-field), the dot product of two negatives
results in a positive value. Hence, by using the
phase shifter, the phase between the electrons in the
input cavity is ensured to be the same as the phase
of the EM wave in the output cavity. Therefore, the
signs of the two elements are always the same,
ensuring strong interaction between the two and
microwave amplification (positive value of the dot
product). This is illustrated in Figure 2.

%
v+ Av V-
Phase shifter Phase shifter
m E U -E

Dot product of Dot product of
two positives two negatives
results in results in
positive value positive value

—>
Av

Figure 2: Illustration of interaction between the
electron and EM wave, where the phase is made the
same using the phase shifter

The electron beams can be pictured as oscillating
in a sinusoidal wave pattern which moves along the
EM sinusoidal wave. In this sinusoidal path, some
electrons are accelerated and some are decelerated,
hence a bunching process occurs. The whole
mechanism is amplified as the radiation in the cavity
builds up. Once the electrons are bunched, they will
radiate coherently. The radiated field will be much
larger than that due to spontaneous emission,
because the waves from each electron are now in
phase and now constructively interfere. In this case,
the intensity of the coherent emission is proportional
to the square of the beam current.

Hence, to achieve synchronism condition, the
FEM uses the following principles, which replaces
the permanent wiggler magnets used in conventional
FEL and drift distance used in klystron:

(a) The electron beam is emitted just before
the aperture of the input cavity to ensure its
velocity component to be parallel to the
direction of the TE,;; mode of the electric
field.
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(b) The EM wave in the input cavity is used
to bunch the electrons.

(c) The dot product v.E can be maintained to
be positive by using a phase shifter to ensure
the correct phase between the EM wave in
the input cavity and the EM wave in the
output cavity. Whenever v changes sign, due
to electrons oscillatory path, E (in the output
cavity) also changes sign.

(d) The height of the thin gap section is selected
to allow short electron transit time in the gap.
The bunched beam interacting with the EM wave
eliminates the need of using permanent wiggler
magnets or drift distance in PFEM. Instead, higher
gain can be achieved in the PFEM by using high Q
factor resonant cavities. In conventional wiggler
FEL, higher gain can be achieved by having larger
period of permanent wiggler magnets or by

adjusting the wiggler parameters.

3 PFEM design theory

The mathematical analysis of PFEM, with result in
the derivation of the output power of the PFEM is
discussed in this section. Figure 3 shows the
experimental variables used for the PFEM system.

Input  Output
cavity cavity
Q Q. Q factor
Pis P Seeding power
Electron Ei E Electric field strength
source
Vs
Vo Vi Energy
-3000 V Electron recovery
velocity
P P, Cavity power

<5 5 > —> b Output power, Pou
) (To spectrum analyser)

Figure 3: PFEM system variables

The electrons are initially accelerated through a
voltage of Vs = 3000 V. The electron velocity is

b /2eVS _c
0 m 10 (1)

e .
where — is the rate of electron charge to mass and
m

c is the speed of light in vacuum.
While passing across the input cavity, the electron
velocity (v;) is modulated by the seeded electric

field , E, =0
N

with an angular frequency ®. V is

Issue 4, Volume 9, April 2010



WSEAS TRANSACTIONS on COMMUNICATIONS

the small AC voltage present across the thin gap
section of the input cavity. s is the length (height) of
the thin gap section.

The electron velocity expression is as follows.

1V .
V=y,+V, ——s1n(a)t)
2)
The modulation velocity v, relative to v, is given
by

v, =Y, %gsin(wt)
€)

The acceleration voltage is expressed as, and the
characteristic impedance, Zy= 377 Ohms. P, is the
input cavity power and is related to the seeding
power (Py;) via the Q factor and is given by
P1=Q,Pys. The electrons then travel across the output
cavity and transform kinetic energy into microwave
energy. The energy change (AU) is obtained by
multiplying the modulating factor by the voltage in
the output cavity, V,, and is given by

AU =l£V2
mh )
where V, =/2Z P, )

with P, being the power within the output cavity.
Substitution gives

v - L2ZP\2Z,P,
T

Ve ©6)

By substituting Vs = 3000 Volts into equation (6),
the simplified expression of AU is shown below.

AU =0.08,/PP, o

The power generated within the output cavity is
(AU)I where I is the electron beam current. This is
balanced by the power loss as indicated by the Q
factor (Q,). In other words, due to conservation of
energy, the power loss by the seeded power (Ps) is
transferred to the output cavity (cavity power, Py).

Hence 320.08 OF.PI

’ ®)
Squaring the LHS and RHS of the above equation
gives

P, =(0.0064)0,"0, P, I*

)

A coupler, which consists of two rectangular
waveguides with coupling apertures in the common

ISSN: 1109-2742

263

Fareq Malek, James Lucas, Yi Huang

wall, is used in microwave measurements and power
monitoring [12]. The output power via a cross
coupler with a Q factor of Qy is given by

1 1 1

- =

Qz Qc QL (1())
where Q, is the cavity Q factor, Qp is the value of
the cross coupler and Qc is obtained directly from
the spectrum analyzer.

The value of the cross coupler is usually quoted in
dB. For example, if the cross coupler is 10 dB,

1
— =—_ If the cross coupler is 20 dB,
L

hence

1 1
hence — = —— and if the cross coupler is 30 dB,
L

hence — = L .

Q, 1000
In the PFEM, it is important to have a cross coupler
that extracts only a small amount of power in the
cavity, in order to maintain a high Q factor in the
cavity.
A cross coupler value of between 20 dB and 30 dB
is desirable to be used especially in the output
cavity. In the input cavity, the cross coupler value is
not that critical because the cross coupler is placed
outside the input cavity circuit, and hence does not
reduce the Q factor of the input cavity. A 24 dB
Moreno cross coupler, used in previous FEL
research work is readily available. Hence, in the
PFEM system, the 24 dB cross coupler is used to be
located in the output cavity. Therefore the output
power, extracted from the cavity is given by

P,

Pout =—2
O (11)
R)ut = (00064)% ])lsl2
0, (12)

For the input cavity, a readily available 15 dB
coupler is used and placed outside the input cavity
circuit.

The following parameters shown in Table 1 are
used. Q. is obtained from the spectrum analyzer, Q.
is the value based on the 24 dB cross coupler used
in the output cavity. Q, is the Q factor of the output
cavity and is related to Q. and Q. via equation (10).
Q; is the Q factor for the input cavity, and is derived
directly from the spectrum analyzer, since the cross
coupler is placed outside the input cavity circuit. Py
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is the seeded input power from the X-band signal
generator source.
Table 1: Main parameters used in the PFEM

Q. 617

Q, 178.4

Q 251

Q 893

P,. 10 mWatt (10 dBm)

Based on equation (9), the output cavity power, P, is
shown to depend on the cavity Q factors, the seeded
power and the beam current. Therefore the gain of
the PFEM is proportional to the input power, P;s and
on the square of the beam current (I;). The gain (in
dB) is obtained when P (in dBm) is subtracted
from P, (in dBm).

The thin gap makes a short electron transit time
possible and increases the intensity of the electric
field through which the electron passes. The height
of this thin gap section of the waveguide, s, depends
on the transit time of the electron beam in the
waveguide. The transit time of an electron in the
thin gap section must be less than half of the RF
wavelength. Hence, the following condition must be
satisfied:

(13)

where f is the operating frequency. The chosen
value of fis 10 GHz and the acceleration voltage is
3000 Volts, hence the thin gap section, s, must be
less than 1.623 mm for the above condition to be
satisfied. Therefore, a rounded figure of s = 1.5 mm
is chosen in this design.

4 The PFEM System Arrangement

The PFEM system set-up, shown in Figure 4,
consists of four main components: the electron gun,
the input cavity (electron velocity modulator), the
output cavity (energy extractor) and the
turbomolecular vacuum pump system. This section
describes briefly these components.

A simple electron gun arrangement has been used,
which incorporates a cathode and an anode. The
cathode is designed from tungsten filament
(operated up to 50 pA). The input cavity acts as an
anode. The gun is operated at voltages up to 3 kV.
The supply polarity is negative [13]. The tungsten
filament is powered using a VARIAC (variable auto
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transformer) and a step down filament transformer.
The output lines of the transformer are connected to
the tungsten filament.

The input cavity is placed directly below the
electron gun. The output cavity is placed directly
below the input cavity, separated by silicon ‘O’ ring
for insulation purpose. This insulation is to allow
the current flowing through the apertures to be
measured. This input cavity is designed using a
standard X-band waveguide, WR90/WG16, with
internal broad dimension of 22.86 mm, and narrow
dimension of 10.16 mm. As can be seen in Figure 1,
each cavity consists of three main sections: the
standard X-band section, the tapered section and the
thin gap section.

The length of the standard X-band section is one
waveguide wavelength (A,) which is calculated at 10
GHz for the TE;y, mode [14], [15]. Similarly, a
tapered section of one waveguide wavelength (1) is
placed next to this standard X-band section. In such
waveguide taper, power may be lost to reflection
and radiation. The taper should be designed to keep
radiation reflection loss at a minimum [16].
Simulation using Vector Fields CONCERTO shows
that the return loss of RF power is minimized when
the taper length is designed to be equal to 1*
waveguide wavelength. A thin gap section of height
1.5mm and length 2.5* waveguide wavelength (2.5
* Ag) is connected to the tapered section. Apertures
of 4mm diameter are drilled in"{he centre of the thin
gap section to allow electrons to flow through.

360 degree
phaseshiftery

2

Turbomolecular Pump Vacuum

Figure 4: Diagram of Pre-Bunched Free Electron
Maser (PFEM) system. The electron gun and high
voltage circuits are omitted for simplicity purpose.

The microwave power (up to 10 dBm) from the
Marconi signal generator is fed into the input of the
X band section of the input cavity. The same
microwave power is fed into the output cavity using
the 15 dB coupler, via a coaxial cable. The two
cavities are fully tuned to get the best resonances by
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using E-H tuners, and the frequency is fixed at 10
GHz. A 360 degree phase shifter is placed at the
output cavity, and this can be adjusted to ensure the
correct phase between the bunched electron beams
and the microwave E-field in the output cavity.
Velocity modulated electron beams will flow across
the apertures of the input cavity into the apertures of
the output cavity. These bunched beams will
strongly interact with the microwave E-field in the
output cavity. At the output cavity, a 24 dB coupler
is used to extract microwave signal from the cavity
to the spectrum analyzer. In the vacuum system, the
pump is isolated from the output cavity by a glass
spacer, for the purpose of current measurement
flowing across the apertures of the cavities.

5 Simulation results

The electric field patterns for the rectangular cavity
are simulated using Vector Fields CONCERTO
software. The design is constructed using 2.5*
waveguide wavelength in the thin gap section, so
that 3 peaks and 2 troughs of E-field standing waves
are present in this section. Therefore the apertures
can be drilled on the third peaks to allow the

Standard
Taper X-band

Thin gap section section  section

— < >I
O e
Figure 5: Thermal plot (aerial view) of electric field

pattern in the PFEM system simulated using
CONCERTO

Peak
Trough
Peak
Trough
Peak
Trough
Peak
Trough
Peak

electrons to pass through, maintaining structure
stability. The thermal plots for this design are shown
in Figure 5 and Figure 7. As can be seen, the dark
colors show a very strong electric field which is
present in the thin gap section of the cavity. The
electric field strength gradually reduces in the taper
section and the standard X-band section of the
cavity, i.e., the colors become lighter.
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Figure 6: 3-D wave propagation plot (aerial view) of
the PFEM system simulated using CONCERTO

- |

Figure 7: Thermal plot (side view) of electric field
pattern in the PFEM system simulated using
CONCERTO

The 3-D wave propagation plots are shown in
Figure 6 and Figure 8. The envelope plot of the
electric field along the long length of the waveguide
is shown in Figure 9. This affirms that the standing
wave is formed in the PFEM system, with 3 peaks
and 2 troughs in the thin gap section of the system.

Figure 8: 3-D wave propagation plot (side view) of
the PFEM system simulated using CONCERTO
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Figure 9: Envelope plot of the PFEM system
simulated using CONCERTO

6 Experimental Setup

An experiment has been set-up with two stages of
voltage differences. The first stage is between the
filament and the input cavity. This can be called the
pre-bunching stage where a low voltage (—100 V) is
set up. The second stage is between the input cavity
and the output cavity. This can be called the
interaction stage where a high voltage (—3000 V) is
set up. The correct phase between the input and
output cavities is ensured using the phase shifter.

In order to realize this two stages of voltage
difference, a voltage divider circuit is developed
where 19 kQ and 590 kQ resistors are connected in
series. These series resistors are then connected in
parallel to the high voltage power supply (Glassman
High Voltage up to 5 kV, set at negative polarity).
The low voltage required for electron pre-bunching
is tapped from the 19 kQ resistor, while the high
voltage required for interaction stage is tapped from
the 590 kQ resistor.

The phase shifter is placed at the output cavity,
where the phase of the output cavity in relation to
the input cavity can be varied between 0 to 360
degrees. The filament currents are set at 30 pA and
50 pA and 10 GHz operating frequency are chosen
for both cases. It is observed that 50% of this total
filament current flows across the apertures of the
output cavity. The term used for this is the beam
current, and hence the beam currents used in the two
experiments are 15 pA and 25 pA. The output
power level (dBm) reading is observed when the
filament is cold. This reading is called the reference
power level (dBm). The filament is heated up to the
desired beam currents (15 pA or 25pA), and the
output power level (dBm) is observed. This reading
is called the observed power level (dBm). The gain
is the difference between the observed power level
(dBm) and the reference power level (dBm).
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7 Results and discussion

This gain value is observed at phases from 0 to 360
degrees, with 10 degree increments. The gain versus
phase is plotted in Figures 10 and 11. These plots
can be called the gain-phase curves.

=== 3000 Voltsand
15 microamps
beem current
Fl50Voltsand
15 microarmps
heem current

====3300Voltsand
15 microamps
bezm current

Power Level - Reference Power Level

200 300 400

Phase {Degree)

a 100

Figure 10: 3000, 3150 and 3300 Volts and 15 pA
beam current

Figure 10 shows the gain-phase curve at
acceleration voltages of 3000Volts, 3150Volts and
3300Volts, and when 15 pA beam currents are used.
The gain-phase curve shows that the gain varies
when phase changes from 0 to 360 degree. The
curve obtained shows a sinc® pattern and is deduced
to be caused by the electron bunches moving
successively in and out of phase with the EM wave
as the phase is varied. It can be observed that the
largest gain of 0.17 dB is achieved using 3000Volts.
At 3150Volts, the gain is 0.16 dB, while at
3300Volts, the gain is 0.14 dB. The same
experiment is performed, but this time 25 pA beam
currents are used. The result is shown in Figure 11.
A gain of 0.20 dB is obtained when the voltage is
3000Volts, 0.17 dB for 3150 Volts and 0.14 dB for
3300Volts.

0.25
02
0.15
01 -
.15
(4]
0.05
3'1 P o
0.15 J
02 -
0.25

= =ma=3300Voltsand
25 microamps

heam rurrent
3000 Volts and

25 microamps
bezm current
b 3150 Volts and
25 microamps
bezm current

Power level - Reference power level
(dB)

200 300 400
Phase (Degree)

a 100
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Figure 11: 3000, 3150 and 3300 Volts and 25 pA
beam current
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Figure 12: 3300 Volts and 25 pA and 15 pA beam
current

A comparison is now made when the beam current
is changed from 15 pA to 25pA, while maintaining
the same voltage. In Figure 12, the voltage used is
3300Volts, while 3150Volts is used in Figure 13,
and 3000Volts is used in Figure 14. It can be
observed that the phase changes by approximately
20 degree when the beam current is changed from
15 pA to 25pA, while maintaining the voltage.
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Figure 13: 3150 Volts and 25 pA and 15 pA beam
current
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Figure 14: 3000 Volts and 25 pA and 15 pA beam
current
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The result presented in this paper shows that
reasonable values for gain is achieved for the power
coupled out of the system, even though only 15 pA
and 25 pA beam currents and low voltage are used
for the electron pre-bunching. The more important
result is to show that the electrons are pre-bunched
in the input cavity, by having a sinc® shaped gain
curve as the phase is varied. The EM wave is either
increased or decreased after interaction with the
electron beams depending on the relative phase
between the two. If the phase difference is zero, the
EM wave is amplified, if the phase is 180 degree,
the wave is attenuated, and if the phase is 90 degree,
the EM wave is not affected. A high value point on
the gain curve implies that the phase of the electrons
in the input cavity is the same as the phase of the
EM wave in the output cavity. A low value point on
the gain curve implies that the electrons in the input
cavity and the EM wave in the output cavity are out
of phase.

It can be seen from equation (9), that if small
currents are used, (for example 50 pA or 100 pA),
this results in a ‘negative’ gain. Positive gain values
are achieved when the currents are larger than 2.345
mA. Therefore equation (9) is only valid when the
current used is 2.345 mA or larger, because gain
cannot be ‘negative’, (i.e. the output power must be
more than the input power for an FEM amplifier).
The experiments are performed at beam currents of
25 pA and 15 pA for the following reasons:

(a) At the initial stage, the first task is to ensure
that current flows across the apertures of the output
cavity. Hence, tungsten filament, which is readily
available at a low cost, is used as the electron gun
source.

(b) After successfully obtaining sufficient
amount of beam current flows across the apertures
of the output cavity, the ‘real’ experiment can be
performed, i.e. to observe the output power or gain
achieved from the system for various currents. It is
decided that low currents are initially used at this
stage to gain confidence in the system. The tungsten
filament can be easily replaced if it burns out, as it is
readily available at a low cost. If larger beam
currents are to be used (2.345 mA or larger), a more
powerful current source needed to be used, which is
expensive to replace if it burns out.

(©) The aim from this experiment is to observe
the pattern of the gain-phase curve. Although the
resultant ‘gain’ will not be valid when using beam
currents below 2.345 mA, the experiment showed
that the gain-phase curve exhibits a bunching
characteristic. It can be seen that the electrons are
maximally bunched (in phase), and then gradually
spaced apart (‘un-bunched’) when the phase shifter
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is varied gradually, until they are maximally anti-
bunched (out of phase).

The gain-phase curves in figures 10 - 14 are similar
to the curve of the pre-bunched FEL total output
power dependence on the phase delay between the
bunching and the FEL input fields, in the work done
by Arbel et al. [3]. Equation (9) indicates the power
at the output cavity, P2, when the electron beam is
in the same phase as the EM wave. Actually, the
power at the output cavity varies as the cosine of the
phase angle of the electron beam as it enters the
output cavity (to interact with the EM wave) [17].
Therefore, equation (9) is modified as follows.

P, =(0.0064)0,°Q, P, I* cos(®) (14)

Where O is the phase angle difference between the
electron beam and the EM wave in the output
cavity.

The phase (degree) values on the X-axis in figures
11-14 indicate the values on the dial of the phase
shifter (10 degree resolution). It does not indicate
the actual phase angle difference between the
electron beam and the EM wave in the output
cavity. For example, in figures 11 and 14, for the
case of the voltage 3000 Volts, the maximum gain at
25 pA beam current is 0.20 dB at a phase of 170
degree. This means that when the dial of the phase
shifter is at 170 degree, maximum gain occurs
where the electron beam and the EM wave in the
output cavity are in the same phase (phase angle
difference of zero).

After showing that the electron bunches at low
currents (15 pA and 25 pA), the next step is to use
large beam currents (above 2.345 mA) and to
observe whether the expected experimental value of
the gain matches the theory. To produce these large
beam currents, a new electron gun source must be
used to replace the tungsten filament. It is predicted
that when high currents (above 2.345 mA) are used,
the gain-phase curves will exhibit similar pattern as
the gain-phase curves at small currents (15 pA and
25 pA), in figures 10 - 14. For example, by using 3
mA beam current, at the peak of the curve, the
expected gain value is 2.412 dB and at the minimum
point of the curve, the expected gain value is -2.412
dB.

8 Summary and Future Work

The construction phase is now complete. Each of
the main components has been evaluated as a
separate module and testing of each component is
now completed. The testing of the electron gun
current emission has been performed, where the
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current flow across the apertures of the output cavity
was measured. Results showed that around 50% of
the total filament current will flow across the
apertures of the output cavity.

The current design described in this paper is to
apply a low voltage (—100Volts) in between the
filament and the input cavity, and a high voltage
(—3000Volts) in between the input cavity and output
cavity. Over the next couple of months, a second
design will be tested, where a high voltage
(—3000Volts) will be applied directly in between the
filament and the input cavity.

In the future, the output power of the PFEM will be
raised to Watt level for industry demonstration
purpose. At the initial stage, as described in this
paper, the tungsten filament was used as a source of
electron. The tungsten’s emission from the tip is 200
MA [10]. After gradually gaining confidence in the
system, the next step is to use the Thoria coated
iridium filament. Its maximum current emission is
20 mA [18]. Hence 10 mA of beam current is
expected assuming 50% of the total filament current
flows across the apertures of the output cavity. The
use of high voltage in the electron pre-bunching
stage and high current source are expected to
maximize the FEM gain and output considerably.

In the subsequent step, a ‘Pierce’ type electron gun
will be proposed for the PFEM system. The ‘Pierce’
type electron gun used by previous FEL researcher
produced a maximum emission current of 285 mA
[19]. Hence, with the acceleration voltage of 3 kV,
and the beam current of 142 mA (assuming 50% of
the 285 mA current flow across the apertures of the
output cavity), the resultant cavity

PFEM output power will be around 45 Watt. This
value is derived from Equation (9). In addition to
that if a higher output power X-band source (23
dBm) is used in the future, this will result of cavity
PFEM output power of 0.73 KWatt, derived from
Equation (14). However, emission at higher beam
currents will also mean that space-charge spreading
of the beam must be taken into consideration.

The E-field patterns and leakages near the apertures
of the thin gap sections will be simulated using the
CONCERTO software. The results and analysis will
be compared with the work performed by Panda
[20]. The PFEM system design can be extended to
higher frequencies by scaling down the waveguide
dimensions appropriately or increasing the
acceleration voltage. Possible applications at
frequencies above 30 GHz are millimeter wave
imaging, treating of tumors, high resolution radar
system and sensing applications in various fields
such as medicine and agriculture [21-24].
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