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EXPERIMENTAL DESIGN OF A SINGLE BEAM PHOTONIC
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AbStI'aCt Anode Photonic crystal

The photonic free-electron laser (pFEL) aims to realize
compact microwave sources with the potential to generate
multi-Watt level teraHertz radiation. For this purpose it Cathode —
uses a photonic crystal to coherently couple the Cerenkov
radiation from a set of individual electron beams stream-
ing through this structure. The resulting transverse coher
ence of the radiation allows a power scaling of the device, _ _
by extending its cross-section and the number of electrd:ngre_l: Schematic overview of a pFEL, Not shown:
beams. To study the fundamental physics of such devicegé),Ienold for electron beam guiding.
and to compare single beam with multi-beam performance,

we first designed a single electron beam pFEL operating FHore, PHCs strongly slow down the light's phase velocity
a frequency of aroun_d 22 GHz. The general design of th[ﬁ], which allows the use of slow electrons & 0.3, where
single beam pFEL will be presented. 3 = v/cis the electron velocity normalised to the speed
of light ¢). Therefore, a compact electron gun can be used
INTRODUCTION keeping the whole device small. To investigate the physics
Although various, well developed, microwave sourceOf this type of devices and to allow comparison with fu-
’ ’ fure multi-beam devices we have designed a single electron

exist to date, thgy all show a_re_ductlon N OUtput Powep ., o, pFEL. In this paper we present details of its design.
when the operating frequency is increased. Therefore, ;[_?9

. ) . e first will give an overview of the complete setup and
interesting frequency range spanning from about 100 G : . . o

e . en describe several main components in more detail in
to a few THz is still lacking compact and powerful sourceg .

: . he remainder part.

[1]. Having a compact, robust Watt-level source available
would enable numerous industrial applications [2] as the
radiation penetrates dielectric materials, like cerampes SCHEMATIC OVERVIEW
per, wood or clothes, which are opaque for IR or visi- A schematic overview of th mplete device is shown
ble light. Additionally, sharp and molecular-specific res- schematic overview ot tn€ complete device 1S sho

onances exist in this frequency range, which can be usgaﬁg. 2. It consists of a standard thermionic electron gun

for highly material-specific imaging. Examples are Conysed in commercial traveling wave tubes [5]. It provides

trol of chemical reactions, quality control in manufactura electron beam of high curremt e, = 2.8 A), which

ing, security-surveillance, and imaging of goods, mail ol guided through the PHC by a solenoid. The interaction

people. However, the central problem for industry to a structure consists of a PHC in a rectangular waveguide. In

. : PHC the electrons interact with the PHC-eigenmodes
ly existing THz sources is that they are not compact, d@e - e .
Py 9 y P nd emit radiation due to the Cerenkov effect. Interaction

not provide Watt-level output power, and, foremost, are not. . . ; o
P putp with TM-like eigenmodeskK, # 0) results in longitudinal

economical. : P o
bunching and hence coherent amplification of the radiation.

Recently, we presented the concept of a photonic fre?ﬁ order to keep the device compact, the single pass gain
electron laser (pFEL) to provide such a source [3]. The P pact, gep 9

PFEL uses a set of individual electron beams, which streaW'" be limited and a resonator is required to reach satura-

. . fion. The upstream mirror is formed by a copper plate with
through a photonic crystal (PHC, Fig. 1). The PHC O3 hole to allow the electron beam to enter the waveguide

herently couples the Cerenkov radiation of these eIectrqgaded with the PHC. The downstream mirror is partial re-
beams due to its transverse scattering. This allows a unque )

ecting and is formed by a tapered PHC section followed

power scaling of the pFEL by increasing its transverse sizéa . .
: o an empty but tapered section of rectangular waveguide
and number of electron beams. This power scaling is one @!

the most important features of the pFEL concept. It allow! I—?HZ)' idi ticfield red harolvi itud
to keep the total beam current streaming through the deviCﬁ € guiding magnetic field reduces sharply in magnitude

constant while the PHC’s lattice constants are scaled dow ortly after the electron beam leaves the PHC to allow the

to increase the operation frequency of the laser. Furthe(?lectron beam to egpand and be coll_ec'_[ed ina pooled sec
tion of the waveguide wall. The radiation continues and

*t.denis@utwente.nl enters a mode converter that transforms the TM-mode to
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Figure 2: Schematic setup of the single beam pFEL.

the fundamentdl'E;, mode. This not only allows the use solenoid

entrance

of standard microwave components, but it also allows for a e
simple design of a broadband vacuum window [6]. =)
In the remainder of this paper we will present some of fgj o124
these components in more detail. First, we describe the 2 et shicld
electron gun with guiding magnet. Then the PHC and the 15 008 | I
partial reflected mirror design will be discussed. Finally, < electron beam
the broadband antenna, mode converter and vacuum win- 5 o4l St
dow are presented. g
0.00 T T T T T T
-20 0 20 40 60 80 100 120 140
EL ECT RON GUN AND BEAM GUl Dl NG longitudinal coordinate z (mm)

Thermionic electron guns have been used in microwave
sources for over 60 years and they are are well developed.
Therefore, for the single beam pFEL, a thermionic, doublBigure 3: Magnetic flux density produced by the solenoid
gridded electron gun used in traveling wave tubes was cheith (shielded) and with-out (unshielded) end caps. The
sen [5]. It has a perveance bfi5 - 10~ AV—3/2 and was ~current density in the solenoid windingsii$ A /mm?.
designed to operate at a voltagd®f= 14.2kV. However,
the operating voltage can be varied betw@eand15kV.
The gun produces a beam radius of approximately 1 m@Hn model that has been provided by the gun manufac-
and Brillouin flow guiding is used to transport the beanturer. The calculated electron beam trajectories are shown

through the PHC. in fig. 4 for the design beam voltage 0f.2kV. This fig-
For Brillouin flow, the required magnetic flux densigy ~ Ure shows that the elgctrqns rotate arognd _the z-axis, as is
to guide the beam can be estimated by [7]: to be expected for Brillouin flow. A projection on the
z plane (cylindrical coordinates) is also shown in fig. 4.
TmV1/4] 11/2 From this figure we derive that the electron beam radius
B=083x10"° [W} Y (1) 1, is approximatelyl mm. We also estimate that the lon-
b

gitudinal velocity spreadv, /v, is less thanl % for this

wherea is the beam radius at the anode aperture of thceonﬂguratlon.

gun. Witha =~ 0.8 mm, Brillouin flow requires a flux den-

sity of approximatelyB = 0.16 T. Additionally, Brioullin PHOTONIC CRYSTAL AND MIRROR

flow also requires the flux density to be zero at the cathode. DESIGN

Therefore, the solenoid has iron end cap$.6fmm thick-

ness to shorten the flux outside the solenoid. The addedThe purpose of the PHC in a pFEL is to couple the set of

advantage is a more homogeneous flux density inside tle&ctron beams to the radiation field and to each other. The

solenoid, as is shown in fig. 3. The cathode position ifirst is done by slowing done the phase velocity of the radia-

approximately at-11.5 mm and the magnetic field at the tion field and amplification takes place through the normal

cathode position is reduced to about a few tenth efe  Cerenkov FEL gain mechanism [3, 9]. The second is re-

when the end caps are used. alised through the transverse scattering that takes ptace i
To investigate the electron beam properties of this comthe PHC and this allows the various electron beams to build

bination using the Opera-3D software [8], a magnetiap atransversely coherentradiation field. Gain calcutatio

model of this solenoid is combined with the 3D-electrorare under way, and it is expected that, for a compact device,
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Figure 4: 3D view of electron beam propagation and its normalized longitudinal wavenumber k *3a,

projection on the-z plane. The colour of the trajectory is
a measure of the current it carries.
Figure 6: Dispersion of the first tw@M-like eigenmodes
W, and electron beam dispersion for several beam voltages.

TM-mode excitation

by a metal pin mirror section

input port //

output port

Figure 5: Unit cell of the PHC for the single beam pFEL,
consisting of a rectangular waveguide and metal posts of
radiusr = 0.75mm, a, = 2.7mm, a, = 3mm, wy =
18.9mm, hy = 8 mm.

transmission/reflection coefficient

the single pass gain is not sufficient to saturate the laser in
single pass. Hence, a cavity is required with ideally a total

T T T
20 21 22 23 24

reflecting upstream mirror and a partial reflecting down- frequency (GHz)
stream mirror.

The upstream mirror consists of a copper plate with a
hole for the electron beam. A short tube will connect thi?:. 7N ical model of the mi . di
mirror to the anode of the electron gun in order to ex- \gure 7= INumerical modet o t € mirror sggtlon and its

; calculated transmission and reflection coefficient.

tend the endcap of the solenoid to close to the beam axis
(see fig. 2). The hole diameter is abGuhm. This hole
forms together with the short tube a cylindrical waveguideptimised depending on the gain of the device.
for which all all modes are well below cut-off for the fre-  An abrupt termination of the PHC into an empty wave-
quency range of interest. Thus, this mirror is expected t§uide results in an impedance jump and hence in (par-
be a nearly perfect reflector. tial) reflection of the radiation. The PHC termination it-

The PHC is placed against the upstream mirror and coself therefore acts as the downstream mirror. To control the
sists of a double periodic array of metal posts, embedd@mnount of reflection we both taper the PHC and taper the
in the rectangular waveguide (fig. 5) with the center line oheight of the waveguide. The model used to predict the mir-
posts removed. Removing the center line of posts creates performance is shown in fig. 7. The taper of the PHC
a large channel4(9 x 8 mm?) that provides ample space consists of 2 unit cells with reduced height of the posts,
for the electron beam. The advantage of a double periodicllowed by a taper of the height of the empty rectangular
unit cell is that the mode spacing between the lowest orderaveguide. ATM-like mode is launched into the structure
TM-like modes is larger than in a regular lattice and createbrough a coaxial feed that ends in an antenna that exists
almost a bandgap between the two lowest order modes (fitpis particular mode. At the output port a matched load is
6) [10]. A large mode spacing will simplify the analysiscreated to remove any reflections from this port. The trans-
of experimental results. Fig. 6 also shows that the elecnission into théI'M;; mode and reflection of this struc-
tron gun allows operation in the frequency range betweenre is calculated using the Concerto software [11] and the
20.5 and 24 GHz, assuming an interaction at a higher spaesults are shown in fig. 7 as well. For computational ef-
tial mode. For the current design we have chosen a lendficiency the homogeneous part of the PHC is only 10 unit
of the PHC of 30 unit cells, however this number may beells in the model. However, this only changes the number
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Figure 8: 3D view of the broadband antenna, mode con-
verter and vacuum window
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of transmission peaks and not the actual reflectivity [10].
The transmission is nearly constant at approximately 20 %

fobr the TMl% mode once the frequency is sufficiently fargg e 9: calculation of transmission and reflection coeffi-
above cut-o. cients for the whole device of Fig. 8.

BROADBAND MODE CONVERTER AND of the structure. The device is configured as an oscillator

VACUUM WINDOW where a tapered transition from PHC to empty waveguide
The TM-like radiation mode in the PHC is required byproduces the required feedback. A design for a broadband

the FEL gain mechanism. However, propagating this modgde-converter and vacuum window is presented to de-
through a waveguide system is far from ideal and it is beflvé" the output radiation in the fundamenti; mode
ter to convert it to the fundamental waveguide mode. Thidf @ WR42 waveguide. This device will be used to study
greatly simplifies the design and improves the performandf€ fundamental physics of photonic FELs and will provide
of the vacuum window. Here we present one solution for Eference data for future multi-beam devices.
broadband mode converter and a vacuum window.
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