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APPENDIX A

Geometry of RF-Gun

Table Al: Geometry of haif (left) and full (right) cell for the optimized RF-gun

segment (units mm) X y segment (units mm) X v
origin 0.00 | 0.00 origin 0.00 | 520
line to 0.00 | 41.90 line to 4.35 5.20
line to 5.00 | 41.90 arc,-90°,r=>5.00 mm to 9.35 | 10.20
arc,90°r=24.64 mm to | 29.64 | 17.26 line to 9.35 | 10.50
line to 29.64 | 15.00 arc,-90°,r=2.50 mm to 6.85 | 13.00
arc,90°,r=2.00 mm to | 27.64 | 13.00 line to 4.46 | 13.00
line to 26.50 | 13.00 arc,0°,r=2.00 mm to 2.46 | 15.00
arc,90°r=2.50 mm to | 24.00 | 10.50 line to 246 | 17.26
line to 24.00 | 10.20 are,180°r=24.64 mm to | 51.74 | 17.26
arc,90°,r=>5.00 mm to | 29.00 | 5.20 line to 51.74 | 15.00
line to 32.10 | 5.20 arc,90°,r=2.00 mm to 49.71 | 13.00
line to 47.35 | 13.00
arc,-90°,r=2.50 mm to | 44.85 | 10.50
line to 44.85 | 10.20
arc,-90°,r=>5.00 mm to | 49.85 | 5.20
line to 58.00 | 5.20
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Table A2: Geometry of half (left) and full (right) cell for the actual SURIYA

RF-gun

segment (units mm) X y segment (units mm) x y
origin 0.00 0.00 origin 0.00 5.20
line to 0.00 | 41.90 line to 3.57 5.20
line to 4.51 | 41.90 arc,-90°,r=>5.00 mm to 8.57 | 10.20
arc,90°,r=24.64 mm to | 29.156 | 17.26 line to 8.57 | 10.50
line to 29.15 | 15.00 arc,-90°r=2.50 mm to 6.07 13.00
arc,90°,r=2.00 mm to | 27.15| 13.00 line to 4.46 | 13.00
line to 26.36 { 13.00 arc,0°,r=2.00 mm to 2.46 | 15.00
arc,90°,r=2.50 mm to | 23.86 | 10.50 line to 246 | 17.26
line to 24.00 | 10.20 arc,180°r=24.64 mm to | 50.84 | 17.26
arc,90°r=>5.00 mm to | 28.86 | 5.20 line to 51.74 | 15.00
line to 31.61 | 5.20 arc,90°,r=2.00 mm to 48.84 | 13.00
line to 47.28 | 13.00
arc,-90°r=2.50 mm to | 44.78 | 10.5G
line to 44.78 | 10.20
arc,-90°r=>5.00 mm to | 49.78 { 5.20
line to 57.20 | 5.20
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An S-band thermionic 1.5-cell rf gun injector system is being built at NSRRC for Taiwan Photon
Source (TPS) booster. At optimized field ratio, an electron beam with linear energy chitp can be
generated by the rf gun. The beam is then compressed by an alpha magnet such that ultrashort
electron bunches at femto-second bunch length can be obtained, Particle dynamics has been studied
for an rf gun with nose cone at the cathode, simulation results show that 74 pC bunches at about 97
fs is achievable. Some of the critical components such as the rf gun and alpha magret have been
fabricated and being tested in house. Experiments for intense coherent THz radiations and tunable
femto-second X-ray from ultra-short bunches are being proposed as future applications.

Keywords: rf gun; bunch compression.

1. Introduction

Ultra-short electron beam finds interesting applications such as generation o f c oherent
radiations and tunable ultra-fast X-rays [1-2]. In contrast to electron bunch compression
at higher beam energy by magnetic chicane, alpha magnet can be used to compress
electron bunches that have lower kinetic energy. It was shown that electron bunches from
a thermionic rf gun [3] can be compressed into bunches as short as 50 femto-seconds
with the aid of an alpha-magnet [4]. An alpha-magnet is a half asymmetric quadrupole
with a vertical mirror plate along the longitudinal axis. It has vertical magnetic field on
the horizontal plane increases with increasing values of horizontal position. A properly
designed alpha magnet can be an achromatic system with very large momentum range.

Cormresponding author
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Another important property of the magnet is that as the beam enters the magnet through
the vertical mirror plate at its center, at an angle of 40.71° from the normal of the mirror
plate, it exits the magnet at the same point [5]. On the other hand, a beam with linear
energy chirp can be generated from a thermionic rf gun at certain optimized field ratio.

A prototype rf gun injector system is being developed at NSRRC for the TPS (Taiwan
Photon Source) booster. The system schematic is shown in (Figure 1). A 1.5-cell
thermionic rf gun and an alpha magnet will be used in the injector system. As can be seen
from the drawing, trajectory of an electron beam from a thermionic rf gun is bended by
the alpha magnet and further accelerated to higher energy by rf linac. For this prototype
system, the beam will be accelerated to 20-30 McV in energy. The possibility of
generating femto-second electron bunches for novel light source research with this
injector system is being investigated in this work.

Steering

Alpha Magnet Magnet
l RF Linac¢ Blectron
ﬂ.‘_.w Be

Cuapyent Transformer Quadrupoles

Therintoni
RF Gun

Figure 1: Setup for the S-band thermionic f gun injector systern.

This paper is organized as follows: In section 2, calculation results of electromagnetic
field in the rf gun cavity and multi-particle dynamics of the electron beam in the
thermionic rf gun as well as the particle dynamics during bunch compression with alpha
magnet will be discussed. The progress experimental setup such as rf gun and alpha
magnet construction and measurements are described in Section 3 and 4 respectively.
Section 5 is the summary and discussion.

2. Particle Dynamics

To study the multi-particle dynamics in a 2856 MHz thermionic 1f gun, a macro-particle
tracking code, PARMELA [6], is being used. Electromagnetic fields of the rf gun cavity
cells are calculated with SUPERFISH [7]. Output data files of SUPERFISH will be used
for PARMELA calculations. For beam transport and bunch compression, beam dynamics
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in thé alpha magnet, beam transport system and rf linac has been simulated with a
compiter ‘code called BCompress [8]. In PARMELA calculations, the effects of space
charge and thermal emittance at the cathode have been neglected and will be included in
further studies. In the BCompress calculations, transverse effects have been neglected for
simplicity in these preliminary calculations.

2.1. Calculation of Electromagnetic Fields in the RF Gun Cavity

The rf gun cavity is a 1.5-cell structure with thermionic cathode assembly placed at the
end-wall of the half cell. It is similar to the Stenford SSRL rf gun and has a nose cone for
space charge beam focusing near the cathode [3]. The cathode assembly is a
commercialized product provided by HeatWave Laboratery, High power microwave will
be fed into the full cell through an S-band rectangular waveguide and will be coupled to
the half cell via a side coupled cell. Therefore, it can be represented by three coupled
resonators. For maximum energy transfer to the beam, the rf gun cavity will be operated
in m/2-mode. That is, phase difference of electric field between half cell and full cell is
180°. It is essential to put the nose cone inte the SUPERFISH model for electromagnetic
field calculations. Eleciromagnetic fields of the half cell and full cell have been
calculated separately by SUPERFISH. Phase of electric field in each cell will be adjusted
in PARMELA calculated. Figure 2 shows the electron field line contours in the half cell
with nose cone and the electric field lines in the full cell. Convergence test has been done
to ensure mesh triangles are small enough for accurate field calculations.

Figure 2: Electric field line contours of the half cell (left) the full cell {right) as calculated by SUPERFISH.

2.2, Generation of a Linear Energy Chirped Beam

Particle distribution of a beam in longitudinal phase space will in general depends on the
field amplitude ratio of the cavity cells. Particle distributions in longitudinal phase space
at gun exit for different field ratios have been obtained from PARMELA output files. For
field ratio of half cell to full cell equals to 1:2 and when average field gradients of full
cell equals to 50 (MV/m), a nearly linear energy chirp can be produced. In these
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calculations, 50,000 macro-particles have been used. During the acceleration in the rf gun
cavity, due to improper injection phase angle at the cathode, more than 75% of the
continuous electrons from the thermionic cathode have been lost. Figure 3 shows the
particle distribution in the longitudinal phase space at field ratio of 1:2. The bars in the
figure show the number of particles within a time bin of 5 ps. Undesired electrons can be
filtered out with an energy slits inside the alpha magnet vacuum chamber. This linear
energy chirped beam is considered as an ideal particle distribution in longitudinal phase
space for bunch compression by alpha magnet.
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Figure 3: Particle distribution it the longitudinal phase space at rf gun exit as calculated by PARMELA at 1:2
field ratio.

2.3. Bunch Compression by Alpha Magnet

The electron beam from the rf gun is guided by magnetic focusing fields of a set of
quadrupole magnets in the beam transport system located at the upstream of the alpha
magnet (there is another set of beam transport system at downstream of the magnet) and
enter the magnet through its vertical mirror plate at an angle of 40.71° from the normal of
the plate. The alpha magnet will provide necessary energy dispersion for bunch
compression. Data in the output file of PARMELA that represent particle distribution at
rf gun exit is then imported into the BCompress code for optimizing the electron bunch
length to femto-second order 8].

With rf linac operating at 8.8 MV/m in accelerating field gradient, the nominal magnetic
field gradients of the alpha magnet has been scanned from 400 to 500 G/cm. Electron
bunch compression to 97 fs feasible at 455 G/em with 74 pC bunch charge. Calculated
peak current can be as high as 760 A. However, in these calculations, the effects of space
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charge and thermal emittance due to cathode temperature have been neglected. These
phenomena will be included in a more detailed study.

Compressad bunch at ths end of beam tina
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Figure 4: Particle distribution in longitudinal phase space after the linac,

3. The S-band Thermionic RF Gun

Fabrication of the S-band 1f gun cavity has been completed. Since the rf gun cavity will
be uperated at n/2-mode, the full cell and half cell are coupled by a side coupled cell
attached on the cavity, Field ratio of the rf gun cavity cells has been adjusted to 1:2 by
tuning the frequency of this side coupled cell with a plunger. Measurement has been
performed by network analyzer to identify the ®/2-mode (operating cavity mode of the rf
gun). By pulling a 3 mm metallic bead along the cavity axis, relative field amplitude has
been deduced from the frequency shift due to the metallic bead at different longitudinal
position [9].

Figure 5: The S-band rf gun with thermionic cathode operating at 1100°C.
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Cathode assembly has been installed in the cavity for heater test. Although the cathode
temperature will be set at 950°C for normal operation, it has been heated successfully up
to 1100°C as measured by a calibrated pyrometer and no thermal short has been found.
Figure 5 shows the 1f gun cavity with cathode surface temperature at 1100°C. A high
power microwave system with the SLAC XK-5 klystron as the generator is being setup
for high power microwave processing of the rf gun cavity.

4. The Alpha Magnet

A prototype alpha magnet has been fabricated also at NSRRC based to its original design
at Stanford SUNSHINE facility. This magnet has been energized up to 110 A with a DC
power supply and maximum gradient of 425 G/cm has been achieved (Figure 6). With
adequate water cooling, no significant temperature rise has been observed during the
measurement. This maximum value is not limited by the magnet itself but by the
maximum available power of the power supply during the measurement, We believe
higher field gradient can be achieved by further increasing the excitation current.
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Figure 6: Measured magnetic field gradient versus DC currents.

At 110 A, vertical magnetic ficld gradient with respect to horizontal position has been
measured along x-axis. Field gradient increases rapidly and saturates with increasing
displacement from the mirror plate. Figure 7 depicts the magnetic field gradient
(normalized to maximum gradient at the same current) versus horizontal position along x-
axis. Since there must be a hole on the mirror plate for beam entrance and exit, stray
fields near the beam entrance has to be considered. Preliminary measurement of magnetic
field gradient near the beam entrance has been done to evaluate its e ffect on electron
trajectory,
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Figure 7: Measured magnetic field gradient (normalized) along horizontal axis at 110 A.

5. Summary and Discussions

A prototype S-band thermionic rf gun injector is being constructed at NSRRC for the
booster synchrotron of the proposed 3 GeV Taiwan Photon Source. The possibility of
generating femto-electron bunches with this injector system is being investigated,
Experimental setup of the injector system is in progress, alpha magnet and other element
for beam transport system has been fabricated. Field measurements are in progress. The
tf gun cavity has been tuned to 1:2 in field ratio. Cathode heater test up to 1100°C has
been done and we are preparing for a high power microwave test in the near future.
Numerical multi-particle beam d ynamics calculations showed that a beam with 74 pC
bunch charge and about 97 fs bunch length is possible with the injector system. However,
more investigation of beam dynamics with the inclusion of space charge and thermal
emittance at the cathode are required. Applications of the ultra-short electron bunches on
generation of coherent radiations are being considered.
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Abstract. Femtosecond electron bunches can be generated from a system consisting of an RF gun
with a thermionic cathode, an alpha magnet, and a linear accelerator and can be used to produce
femtosecond (fs) electromagnetic radiation pulses. At the Fast Neutron Research Facility (FNRF),
Thailand, we are especially interested in production in Far-infrared (FIR) and x-radiation. In the
far-infrared, radiation is emitted coherently for wavelengths which are longer than the electron
bunch length, yielding intense radiation. Although, the x-rays emitted are incoherent, its
femtosecond time scale is crucial for development of a femtosecond x-ray source.

Introduction

When accelerated, charged particles emit electromagnetic radiation. The radiation spectrum and
characteristics are different depending on radiation production mechanisms. Successes in 5 electron
bunch generation [1-2], open up opportunities to d=velop fs electromagnetic radiation sources
which are not widely available. Experimental and theoretical investigation on the generation of far-
infrared radiation and x-rays from fs electron bunches will be described.

Femtosecond Electron Bunches

Femtosecond electron bunches can be generated from a system consisting of an RF gun with a
thermionic cathode, an alpha magnet, and a linear accelerator [1-2]. The RF gun is designed such
that the first particles in each S-band cycle are exposed to maximum acceleration while any later
particles will accumulate less energy. By this condition, higher energy particles will emerge first
from the rf-gun followed by lower energy particles, consequently generating a well-defined
correlation between energy and time. Electron bunches of 20-30 ps at 2-3 MeV from the rf-gun are
then compressed in an a—magnet, where the particle path length increases with energy. The lower
energy particles emitted later in each bunch thus are able to catch up for effective bunch
compression. At the end of this process, the bunches are compressed to less than one ps. After
acceleration in a 3m single section S-band linac up to 30 MeV, the electrons are guided to
experimental stations for radiation production.

Coherent Far-infrared Radiation

At a wavelength longer than the electron bunchlength, the radiation is emitted coherently with the
intensity scaling like the square of the number of electron population [3]. Since there are 10 to 10°
electrons in each bunch, the radiation intensity is enhanced by that same large factor over
incoherent radiation and intense far-infrared (FIR) radiation can be derived from relativistic fs
electron bunches [4]. The coherent spectrum depends greatly on the particle distribution in the
bunch. The total radiated power from a mono-energetic bunch of N electrons can be written as

Alt rights reserved. No part of the contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (1D 212.98.47.120-26/10/05,10:30:39)
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P(@)=Po(@)[N + N(N-1) w)], where Py(a) is the radiated power from a single electron. The form
Jactor, flw), is the Fourier transform of the longitudinal bunch distribution. The second term in the
square bracket describes the coherent radiation. The factor Nf{w) will enhance the intensity of the
incoherent radiation intensity emitted by any radiation production processes.

Transition Radiation TR is emitted when a charged particle passes through an interface between
two media with different dielectric constants. A thin Al-foil is employed to serve as the radiator
which represents the transition between vacuum and metal. A 45° tilted Al-foil can be used as the
TR radiator to produce backward TR emitted at 90° with respect to the beam axis. The spectral-
angular distribution of the emitted radiation energy can be described by

d2W — rcmczsin 29 1

dodQ z%c(1-fsin 26) 2’ M
where 0 is the emission angle with respect to the electron beam axis. The intensity increases from
zero in the forward direction to a broad peak at an angle @= 1/ y The single electron TR spectrum
is uniform up to a very high frequency, but for coherent TR this uniform spectrum folds with the
form factor of the electron bunch. Figure 1(a) shows a measured coherent TR spectrum obtained
from approximately 120 fs of 26+4 MeV eIectron beams {4]. The radiation is broadband and its
spectrum reaches from microwaves to 120 cm™ wavenumber, The spatial distribution of TR was
measured by moving a detector across the TR beam and is shown in Fig. 2. The radiation is hollow
at the center of the radiation, reaching the maximum around the distance associated with 1/y
opening angle as indicated by equation (1). The horizontal and vertical polarization of the TR are
observed using a wire grid polarizer and shown in Fig. 2 (b and c) The FIR radiation brightness of
coherent TR estiimated for 50 fs electron bunches, expected in the near future at FNRF [5],
extending to over 300 cm™ wavenumber greatly exceeds that of a black body as well as that of
synchrotron radiation as shown in Fig.1(b).
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Fig.1: (a) Coherent TR raw-spectrum (dashed-line) and the corrected spectrum (solid line) after applying the
correction for beam splitter (BS) efficiency. The dotted-section occupy region near singularities of the BS
efficiency. (b) Radiation brightness B(Ph/sfmm*/100%BW) of Coherent TR, blackbody and synchrotron
radiation.
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Parametric X-rays

Different radiation production mechanisms can be used to convert the fs electron bunches to x-ray
pulses as for example bremsstrahlung, synchrotron-, channeling-, transition-, Smith-Purcell-, and
parametric x-radiation as well as Compton scattering. Among those, the parametric x radiation
(PXR) is suitable for x-ray production using few tens MeV electron beams since the output photon
energy is independent of the electron energy [6-9].

The name PXR is accepted in most experimental publications for the radiation from crystal in
the X-ray band and can be understood as the diffraction of virtual photon on crystallographic planes
while the electron beam passes through a crystal slab [7-9]. There are two schemes for PXR
generation from relativistic electrons: Laue and Bragg geometry. For Laue geometry, the radiation
production is associated with crystallographic planes perpendicular to the slab surface while Bragg
geometry deals with crystallographic planes oriented parallel to the slab surface. PXR is generated
under the Bragg condition d sing = n4 allowing us to select the photon energy by adjusting the
crystal rotation angle ¢. The PXR production geometry can be described using Fig. 3 with a (100)
Silicon wafer. \

PXR from {1 0 0)"

Fig. 3: Geometry for PXR generation from a (100) Silicon wafer.

The energy of PXR can be derived from [8-9]

chlg 7| _ h|P|(z]sing

E=ho= —=
c—+JeV -0 1— Bcosd

@)

where E is the PXR energy, @ the PXR angular frequency, ¢ the velocity of light in vacuum, g the

reciprocal lattice vector, ¥ the electron velocity, Q the direction of observation and & dielectric
constant of the crystal which becomes unity for x-rays. In the last step, we have used the geometry
as shown in Fig. 3 with the crystal rotation angle ¢ and the obscrvation angle 9.

The magnitude of the reciprocal lattice in the equation can be calculated from Miller indicies of

the plane (hkl), and the lattice constant @ as |g| = (22 /a)Vh* + k* + 1% . By comparing |g| for the (2

2 0)-plane and (1 0 0)-plane, one can see that radiation associated with the (2 2 0)-plane results in a
higher energy based on the higher magnitude of reciprocal lattice vector. The estimated PXR
energy associated with the (2 2 0)-plane as a function of crystal rotation angle at some fixed
observation angles is shown in Fig. 4(a). The calculation indicates that generation of PXR energy as
high as 130 keV is possible with crystal rotation angle of 45 degree and observation angle of 15
degree. However, the radiation cone will be concentrated around the Bragg direction determined by
¢ =2¢. The PXR energy as a function of crystal rotation angle and observation angle keeping

6 =2¢ are shown in Fig.4(b)
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Fig. 4: PXR energy associated with the (2 2 0)-plane (a) as function of crystal rotation angle with some fixed
observation angles (b) as function of observation angle @ and crystal rotation angle ¢ with ¢ =2¢4.

Although, at very small observation angles, the PXR energy can be as high as 100 keV, the
radiation propagates in the direction close to the direction of the electron beams and makes it
difficult to detect. We are looking for PXR in the range of 10-35 keV which can be obtained at
more convenient observation angles of 10-45 degrees.

Conclusion

With the accessibility of fs electron bunches it is possible to generate high brightness, coherent,
polarized, broadband FIR via transition radiation and generate tunable x-rays via parametric X
radiation. The radiation pulses come in very short bursts of fs duration reflecting the electron bunch
length and time structure. The high intensity fs FIR pulses can be applied for Dispersive Fourier
Transform FIR Spectroscopy where the short pulses allow for direct determination of complex
refractive index over the spectral range of the radiation [10]. The availability of fs X-rays will open
up opportunities for time-resolved studies of ultrafast processes.
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Abstract The SURIYA project is designed to generate femtosecond (fs) electron pulses at the Fast
Neutron Research Facility (FNRF), Thailand. The fs electron pulses production system consists
mainly of a thermionic cathode RF-gun, a magnetic bunch compressor in form of an alpha magnet
(o~-magnet), a linear accelerator (linac), a beam transport line, and various electron beam diagnostic
instruments. This system aims to produce a 20-25 MeV electron beam with micropulses of less than
100 fs in length. Theses pulses can be used either for direct experimentation or to produce fs pulses
of intense coherent far infrared radiation (FIR) and/or x-ray. In this paper, an overview of the
system and characteristics of its major components will be presented.

Electron Bunch Generation and Compression System

Production of {5 electron pulses provides many opportunities for research to study extremely fast
processes in chemical reaction, biologicai molecule and in time-resolved experiments [1, 2]. The
SURIYA project at FNRF has been established since 2000 aiming to generate fs electron pulses [3].
The electron bunch generation and compression system at SURIYA consists of two major
components: an electron gun and an o-magnet with energy filters. The electron gun consists of 1-
1/2 standing wave RF cavities with a thermionic cathode operating at 2856 MHz and produces 2.4
MeV electrons bunches. Electrons in each bunch are distributed in the energy-time phase space with
higher energy electrons located at early time at the head of the bunch and lower energy electrons at
later time due to the time-varying RF-field. Then, electron bunches are steered into the c-magnet

for compression.
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Fig.1: (a). Schematic diagram of the bunch generation and compression system, (b). schematic
‘drawing of the top and the side view of SURIYA beamline.

As indicated in Fig.1(a), electrons follow a closed loop in the a-magnet similar to the letter o
and exit the magnet exactly at the entrance point independence of the particle energy. Higher energy

All rights reserved. No part of the contents of this paper may be repraduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Lid, Switzerland, www.tip.net. (1D: 212.98.47.120-26/10/05,10:30:40)
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electrons follow a longer path and spend longer time in the magnet than the lower energy ones.
These features make the o-magnet a convenient and simple bunch compressor. One may change the
magnet strength and thereby it is possible to compress part of electron bunch into sub-picosecond
duration without changing the direction of the beam path outside the magnet. This optimized and
compressed part of the electron bunch is then filtered by energy slits located in the c-magnet
vacuum chamber and then transported through a 30 MeV SLAC type linac and a beam transport
line to guide the electrons to beam diagnostic and experimental stations. At the end of the beam
transport line a dipole magnet serves both as the beam dump and an energy spectrometer. Fig.1 (b)
illustrates the schematic of the side and the top view of the beamline at SURIYA.

Beam Dynamics and RF Gun Simulations

RF characteristics of the RF-gun were studied and simulated using an electromagnetic field solver
SUPERFISH [4]. The RF-gun geometry has been designed based on these numerical simulation
results. Based on 2D-simulation, SUPERFISH cannot be used to investigate 3D-shape include
coupling cavity, RF-input and vacuum pumping ports and can lead different between simulated and
measured values. However, simulation results still give a close approximation of RF properties of
the gun as well as helpful scaling concerning the RF-gun dimension and its resonant frequency (i)
while the final adjustments are made empirically.

A particle-in-cell computer code PARMELA [5] was used to study and investigate particle beam
dynamics through the EM fields inside the gun. Results of the numerical simulation of the electron
dynamics show that there is a high concentration of particles at the head of the bunch, consequently
generating a small correlation between energy and time. The concentration of most particles within
10% of the maximum energy appears in the length of some 10-20 ps at the gun exit. While the
electron bunches are traveling through an o-magnet the lower energy particles follow the shorter
path and catch up with the higher one at the o-magnet exit resulting in bunch compression. The
particle distribution at the experimental station after bunch compression and acceleration indicates a
busnch length about 53 fs [6]. Some RF-gun and beam parameters are shown in Table 1.

Table I: Some parameters for the optimized RF-gun and beam dynamic study results.

Parameters Value Parameters Value
Max. beam energy, E [MeV] 24 Charge/bunch [pCb] 94
Avg./max. field in half-cell [MV/m] 23.9/29.9 Peak current [A] 707
Avg./max. field in full-cell [MV/m] 45.5/67.6 Bunch length, rms [fs] 52.8
Cathode emission current [A] 2.9 €nmms at rf-gun exit [mm-mrad] | 3.8

RF-gun Fabrication and Testing

The RF-gun cavities have been fabricated based on SUPERFISH results out of Oxygen Free Copper
blocks. During fabrication processes, modifications of the gun dimension based on SUPERFISH
scaling law were performed together with the low power RF-measurements {(cold tests). Cold test
results show that the resonant frequency of the RF-gun is 2855 MHz at 30 °C in ambient air and the
quality factor (Q-factor) is 12979. The resonant frequency can be adjusted precisely to 2856 MHz
by adjusting the RF-gun operating temperature. Fig.2 shows the cross-section and 3D-view of the
RF-gun and demonstrates the average longitudinal field mapping, which shows that the average
electric field ratio of the full-cell to the half-cell measured via bead-pull measurement is 2.186
compared to the predicted value of 2.067 from PARMELA simulation. The cathode of the RF-gun
is a Ba0,-Sr,05 thermionic cathode, with a flat and circular emitting surface of 3 mm radius. It has
been installed and tested via optical pyrometric measurement. The measurement result reveals that
the cathode filament can be heated to exceed the cathode processing conditions and guarantee that
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the cathode will emit electron with efficient amount in general operating temperature of about 950-
1000 °C.
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Fig.2: (a). Cross-section and 3D-view drawing of the RF-gun, (b). longitudinal electric field
distribution on axial axis from SUPERFISH and Bead-Pull measurement.

Alpha Magnet Design and Construction

An o-magnet is half of a quadrupole magnet with two poles and a mirror plate replacing the other
half. The alpha magnet is an achromat, while the lengths of the particle trajectory in the a-magnet
exhibits a large dispersion and depends on the particle momentum cp and magnetic field gradient g

scaling like S=./cp/g[7]. Computer code POISSON [4] was used to design geometry and

calculate magnetic field of the o-magnet. Simulations show that a gradient of 450 Gauss/cm, a
current of 265 A is needed.

Low carbon iron was used to build the inagnet poles because of its high permeability. Nine
layers of thick iron sheet were used to construct the whole magnet. Double pancake technique was
used for winding excitation coils. The excitation coil had 70 turn of hollow copper wire. Water
cooling system was built for 3.7 kw power loss of the coils. Measurement of field distribution
inside the magnet was performed using digital Hall Effect Teslameter and the results show that the
measured magnetic fields agree well with the calculation.

RF System

Downstream of the a-magnet the beam is further accelerated in a SLAC type linac to 20-25 MeV
limited by the available klystron RF-power. Both the RF-gun and the linac are powered from two
separate RF sources consisting of a common RF oscillator driver and two 5 MW klystrons with
their associated modulators. Fig.3 illustrate the schematic outline of the SURIYA RF system.

A low-level RF signal is generated by a resonant tank oscillator tuned to 2856 MHz. Then it is
split into two signals by a 90° Hybrid directional coupler. One feeds the gun amplifier and the other
the linac RF amplifier through an adjustable phase shifter. Both amplifiers produce an RF-output
pulse of about 100W for 5-6 psec. This RF-pulse is sent to the modulator grid of the klystrons. Each
klystron consists of a klystron tube, focusing coil and pulse transformer with insulating oil. A high-
current, high-voltage pulse drives the pulse transformer primary and the secondary drives the anode
of the klystron. This pulse is then modulated at 2856 MHz by the klystron grid and then enters into
a waveguide through a ceramic RF window. The klystron produces about 5 MW peak power in a
flat-topped pulse 5-6 ps long with an average power of 250-300 W. The high power RF signal is
transmitted to the RF-gun and linac through a rectangular waveguide system pressurized with SF6
to prevent electrical discharges. RF power is measured using directional couplers on the
waveguides of the RF-gun and the linac,
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Fig.3: Schematic outline of SURIYA RF system.

Beam Diagnostics

So far SURIYA can produce an electron beam with a peak current of about 500 mA and a kinetic
energy of 2.4 MeV at the exit of the RF-gun. The electron beam current is measured by a current
monitor and an actual signal is shown in Fig.4(a). The electron beam energy is measured by using
an energy fiiter inside the a-magnet. The 2.4 MeV electron beam is acceleraied to reach higher
kinetic cnergy when it is transported through the linac. Downstream of the linac several
experimental stations are followed by a beam analysing station in form of a spectrometer. A 0.4
Tesla dipole magnet has been designed and constructed to deflect the electron beam into a Faraday
cup. This combination allows us to use them as a spectrometer and charge monitor. The dipole pole
profile has been designed and simulated using the RADIA [8] code. Figure 4(b) and (c) shows 3D-
view of the magnet and demonstrates 3D magnetic field distribution from measurement.
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Fig.4: (a). 3D-view of dipole magnet, (b). magnetic field distribution from measurement, and (c).
measured current pulse generating from the RF-gun.

Summary

Beam dynamics study results shows that about 2.4 MeV electron beam with normalized emittance
of 3.8 mm-mrad with charge of 94 pCb can be generated from the RF-gun and the bunch length as
short as 53 fs can be expected to produce at the experimental station. The main components and the
beam transporting system of the f5 electron pulses facility have been installed. The commissioning
and electron beam diagnostics for characterizing the performance of the system and bunch length
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measurement are in progress. At SURIYA, many applications are planed to be pursued such as
generation of low energy fs electron puises for direct application, production of intense coherent
FIR and generation of fs x-ray pulses.
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Abstract

Sub-picosecond electron pulses become a tool of increasing importance to study dynamics at an atomic fevel. Such
electron pulses can be used directly or be converted into intense coherent far infrared radiation or equally short X-ray
pulses. In principle, sub-picosecond electron pulses can be obtained in large, high-energy electron linear accelerator
systems by repeatedly applying an energy slew and magnetic compression. Another process is the production of short
electron pulses at low energies from an RF-gun with a thermionic cathode together with a bunch compressing a-
magnet. In this paper, we present a systematic analysis of capabilities and limits of sub-picosecond electron pulses from
such a source, We discuss particular parameter choices as well as the impact of geomelric and electric specifications on
the 6-dimensional phase space electren distribution. Numerical beam simulations with the computer code PARMELA
are performed including effects and limitations due to space charge forces. While the production of femtosecond
electron bunches is of primary concern, we also consider the preservation of such short bunches along a beam transport
line.
© 2004 Elsevier B.V. All rights reserved.
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distribution of particle beams especially in the
pursuit of high brightness third generation syn-
chrotron light sources. Only recently has it become
possible to significantly reduce the longitudinal
phase space distribution and to produce intense
electron pulses of very short duration without
relying on high-energy accelerators and extensive
bunch compression systems. Sub-picosecond elec-
tron pulses at low energies of a few tens of MeV
are desired, for example, for direct applications in
research of physical, chemical and biological
materials [1-3]. Other applications are based on
the transformation of the electron pulses into
photon puises by way of, for example, single pass
free electron asers (SASE) [4], Compton scattering
[5}, Parametric and other methods to produce
femtosecond X-ray pulses [6], or for the generation
of coherent far infrared radiation [7-9] with a
photon brightness far exceeding that available
from conventional and synchrotron radiation
sources.

In large, high-energy linear accelerator systems,
sub-picosecond electron pulses can be obtained by
repeated application of RF beam-conditioning
and bunch compression. At low energies, such
bunches can be produced on a laboratory scals
from an 13-cell RF-gun with a thermionic cathode
and an o-magnet for bunch compression, albeit at
lower charge intensities [10]. This type of electron
source .provides three essential features which
allow efficient bunch compression. First, the high
acceleration to near relativistic energies within a
few centimeters minimizes detrimental space
charge effects. Second, the energy-time phase
space distribution of the electrons produced in a
RF-gun is specially well suited for bunch compres-
sion as will be discussed in more detail. Third, a
simple, reliable and easy to use thermionic cathode
can emit a particle flux up to and beyond an
intensity where space charge effects become
uncontrollable at the low electron energies con-
sidered here. Utilizing such an RF-gun with a
thermionic cathode at the Stanford SUNSHINE
facility [9,11], it has been possible to produce
electron pulses as short as 120fs rms [9,12] and a
bunch intensity of 100pCb. Fig. | shows a
schematic cross-section and a 3D-view of the
electron source as installed at SUNSHINE.

thermicnic
cathode

half cell  full celt electron beam

Fig. 1. RF-gun cross-section and 3D-view.

The SUNSHINE RF-gun, however, has been
originally designed for a different application and
was not optimized to generate femtosecond
bunches. Specifically, the accelerating field was
not optimized for bunch compression as will be
discussed later. Furthermore, the geometry of the
RF-gun produces transverse focusing forces which
produce a convergent electron beam at the exit of
the RF-gun. This and subsequent focusing gen-
erates a spread of total path length for individual
particles and limit the shortest achievable bunch
length at SUNSHINE to 120fs rms. Specific
optimization of the RF-gun to minimize this
focusing and produce {emtosecond electron
bunches is therefore expected to result in shorter
bunches. In this note, we report on the results of a
systematic investigation and discussion of optimi-
zation procedures, choice of parameters and
limitations in producing femtosecond bunches
from an RF-gun. Specifically, we study the impact
of particular geometric and electric parameter
choices on beam performance including the
influence of space charge. Following this optimi-
zation a new RF-gun has been built at Chiang Mai
University for the SURIYA facility, soon to be
commissioned [13].

2. Method

The electron source consists mainly of a 11-cell
RF-cavity, operating at 2856 MHz with a ther-
mionic cathode and followed by an a-magnet for
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bunch compression. Electrons emerging from the
cathode (Fig. 1) travel first through the half and
then the full RF-cell reaching a kinetic energy of
about 2.5 MeV. Later, we will discuss in more
defail the optimum choice of the accelerating
fields.

2.1 Numerical beam simulations

The dynamics of particle motion in the RF-gun
has been simulated with the code PARMELA [14]
to determine the dependence of expected beam
characteristics on external parameters as well as on
space charge forces. In this section, we show the
final results of those studies followed by more
detailed discussions in subsequent sections. These
simulations exhibit a particle distribution at the
RF-gun exit (Fig. 2) with a high correlation
between momenturn and time as is desired for
effective bunch compression.

The distribution shown is that of a single S-band
bunch repeating at 3 GHz. Adjacent bunches are
separated by half a RF-period during which no
particles can be accelerated. This temporal gap
defines a definitive beginning (head) of the bunch
when the microwave field at the cathode just starts
to become accelerating. Although it is assumed
that electrons are emitted in a uniform stream
from the cathode, we notice an increased long-
itudinal particle density at the RF-gun exit as
indicated in the histogram showing the number of
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Fig. 2. Particle distribution in energy-lime phase space for a
single S-band bunch at the RF-gun exit with histogram, The
units of the histogram are macroparticles (each representing
6.34 x 10* electrons) per picosecond.

macroparticles per picosecond. Unless otherwise
noted, we use for this study a uniform cathode
emisston current of 2.9 A represented by 100,000
macroparticles per 2856 MHz RF-period. Each
macroparticle represents a charge of 10.15fCb or
ne = 6.34 x 10* electrons. The uniform current of
29A corresponds to 285.6 macroparticles per
picosecond at the cathode, yet at the RF-gun exit,
we observe a much higher particle density during
the first few picoseconds at the head of each bunch
(see Fig. 2). The dynamics of this concentration
derives from the temporal variation of the micro-
wave field. The first electrons accelerated encoun-
ter initially only a very small field which increases
as the electrons travels through the é—cc]l. Particles
emerging somewhat later from the cathode into
the raising RF-field gain speed more quickly. They
actually are able to partially catch up with earlier
particles. This bunching of a CW beam from the
cathode is due to the time variation of the RF-field
yielding short pulses of about 10ps duration,
From now on, we concentrate therefore only on
this part of each bunch.

2.2. Burich compression

The concave shape of the phase space distribu-
tion in Fig. 2 matches especially well to bunch
compression in an o-magnet [[5] shown in Fig. 3.

o magnet

Fig. 3. Rf-gun and «-magnei layout (schematic).
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This magnet is half a2 quadrupole with a mirror
plate in the yz-plane to close the magnetic field
lines. Generally, a beam would travel through a
quadrupole along the z-axis, but in an a-magnet
the electron beam enters the magnet in the xz-
plane at an angle of 49.29° with respect to the
magnet axis or yz-plane, As indicated in Fig. 3,
particles follow a closed loop similar to the letter o
and exit the magnet again exactly at the entrance
point independent of the particle momentum, yet
in a different direction. The o-magnet is therefore
an achromat, while the path length s of the particle
trajectory in the magnet exhibits a large disper-
sion, depending on the particle momentum cp and
magnetic field gradient g like s \/ep/g [16].
These features make the a-magnet a convenient
and simple bunch-compressor for low-energy
beams. One may change the magnet strength and
thereby the compression without changing the
direction of the beam path outside the a-magnet. It
is interesting to note that the largest compression
is obtained for a weak o-magnet strength because
bunch compression of relativistic particles is
mostly based on path length rather than velocity
dispersion. The phase space distribution of Fig. 2
rotates clockwise as the beam travels through the
o-magnet,

Although the electrons are generated as a CW
beam from the thermionic cathode, they eventually
emerge from the RF-gun in bunches with the
periodicity of the RF frequency. No electrons are
accelerated during half a RF-period, followed by a
half-period of acceleration. From Fig. 2 we note
that the highest energy electrons exit the RF-gun
fist and follow a longer path through the o-
magnet than lower momentum electrons exiting
the gun later. Even for moderately relativistic
electrons, the velocity dispersion is small, although
not negligible, and consequently lower momentum
electrons following a shorter path can catch up to
some degree leading to bunch compression. Still,
to avoid excessive bunch lengthening due to
velocity dispersion counteracting bunch compres-
sion, the beam energy should not be less than
about 1 MeV and a short distance between RF-gun
and o-magnet is desirable. An energy filter inside
the a-magnet, where the momentum dispersion is
large, is used to select the desired part of the beam.

Downstream of the ¢-magnet, there may be a
linear accelerator and/or some transport line
guiding the beam to an experimental station. To
compensate for the velocity dispersion, the value
of the a-magnet field-gradient must be chosen such
as to generate the shortest bunches at the
experimental station. Although we think of the
c-magnet as being a bunch compressor, we have a
short bunch within the ¢-magnet only for a very
short time during the phase space rotation. To
obtain the shortest bunch at the experimental
station, we need to overcompress the bunch such
that the lower momentum particles exit the o-
magnet first and leaving higher energy particles
behind. This phase space orientation together with
the velocity dispersion due to the energy spread
leads to the shortest bunch at the experimental
station. This is a fortunate circumstance, since the
bunch is most of the time long while the particle
energy ahead of the linear accelerator is low and
therefore space charge effects are negligible, Only
for a very short time of a few ps does the bunch
reach a very short length inside the a-magnet.
Since the transverse beam dimensions are rather
large due to the energy dispersion in the -magnet,
we only need to consider longitudinal space charge
effects. Such space charge effects cannot be
simulated with the PARMELA code (or any other
code we know) in a beam line with an c-magnet
and we must therefore use analytical methods to
deal with this issue.

We calculated the energy gain a single particle
would encounter being pushed from behind by all
other particles. It was assumed that all particles
are concentrated on a thin disk with the actual
transverse radius as given by beam optics and the
single particle ahead of this disk by half a bunch
length or 15 pum. Such a particle would experience
a relative energy gain of 7 x 1073, which translates
into a velocity spread and henee into an increase in
bunch length. Calculations show that an rms
increase of 6fs must be expected from this space
charge acceleration, which is negligible for our
conditions. The effect is even smaller noting that
this increase in energy spread occ.:rs just at the
time when the bunch is the shortest and the (¢, E)
phase space distribution of the useful beam is
spread along the energy coordinate. Due to the
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energy change within the o-magnet a small
transverse effect must be expected. The energy
changing particle suffers a distortion of the ¢-type
path leading to a transverse displacement of the
particle trajectory at the a-magnet exit of some
2pm or less than 0.1% of the beam size.

The numerically simulated particle distribution
of Fig. 2 is shown in Fig. 4 after compression and
acceleration in the linear accelerator to 26 MeV.
Note that the temporal particle distribution is
shown with respect to the initial momentum at the
RF-gun exit. The particle distribution in phase
space and the histogram exhibit some character-
istics which we will discuss in more detail. Bunch
lengthening due to path length dispersion caused
by focusing in the beam transport line has been
kept to a minimum in the particular design of the
beam transport line (Fig. 5) and shows up as a
small broadening of the Gaussian tails. Further-
more, the oscillatory temporal perturbation of the
distribution is the result of an instability, the
shock-wave instability, arising from the fast
change of particle intensity at the front of each
bunch [190] and is ultimately limiting the shortest
achievable bunch length. This perturbation is
established in the first half-cell persisting over a
few oscillations. When space charge forces are
ignored, this instability does not appear and the
longitudinal phase space is determined only by
cathode geometry, RF focusing and thermal
energy distribution. The period of the perturbation
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Fig. 4. Particle energy-time phase space distribution afier
bunch compression and transport to the experimental station
with histogram, The histogram can be fitted by 2 Gaussian with
a standard width of 52.8 fs and a charge of 94 pCb.

is varying in time from some 0.5 ps to about 7 ps
after one period. This is much shorter than the
RF-period, and the perturbation therefore cannot
be caused by the 3 GHz RF-fields. Furthermore,
the nonlinearity arising from bunch compression
in the o-magnet causes only a slow monotonic
variation of compression with particle momentum.
The buildup of the perturbation, on the other
hand, matches the rise time of the particle
distribution while the perturbation amplitude
increases with space charge. Indeed, in this study,
the maximum beam charge is not limited by the
cathode but rather by these oscillatory perturba-
tions, which, at some level, prevent efficient bunch
compression. The theory of this instability in [10]
describes qualitatively the observations in beam
simulations, but more quantitative studies are
required and will be reported later.

In reality, we expect this shock wave instability
to be somewhat reduced because the particle
density in each bunch will rise less than assumed
here due to the Langmuir—Child effect during the
first few picoseconds. On the other hand, it is not
quite clear how this effect manifests itself in a time
varying field. According to the Langmuir—Child
law no current should be emitted at zero field, but
in our case there is no electron cloud yet in front of
the cathode as theory assumes. Beam observation
and measurements will hopefully shed more light -
on the beam construction in the presence of
oscillating fields, space charge effects and shock
wave instability.

The beam transport line used in this study is-
shown in Fig. 5 and has been designed for
minimum bunch length broadening due to path
length dispersion. While this is not the only
solution possible, we use it as an example to
demonstrate the dynamics of the electron beam.
Focusing, being the source of path length disper-
sion, should be minimized as much as possible
while still compensating the unavoidable strong
focusing in the «-magnet.

The phase space distribution of Fig. 4 represents
the result of an optimization study which we will
use in this report as a reference for more detailed’
discussions. It shows the particle distribution at
the end of the beamline which is the location of
optimum bunch compression (Fig. 5). The meost
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Fig. 5. Beam transport line from RF-gun to experimental station (QF1 - QD1 - QF2 - a-magnet - QF3 - QD2 - linac - QF4 - QD3).

Note: a-magnet is shown as a thin clement,

obvious feature of the distribution is the oscillatory
variation in time. This oscillation is believed to be
caused by an instability (shock wave instability [10])

Table 1
Optimized S-band RF-gun and beam parameters

Max.beam momentum, cp 291 MV

caused by the sudden increase in the charge intensity Velocity, § = v/c 0.9851
at the head of each bunch. That leads to an Avg.max. field in lcell 21.9/29.9 MV/{m
oscillatory -of energy due to space charge forces Avg.fmax. field in full-cell 45.0/67.6 MV/m
along the bunch which in turn gives rise to temporal L-athode emission current 29 ¢

L e . . Cathode radius 3.0 mm
oscnllat_tons;.after compression in the a-magnet. This Charge/bunch 94 pCh
effect is presently under intense quantitative study Peak current 707 A
and is expected to ultimately limit the bunch Bunch length (rms) 528 fs
compression of low-energy beams. From the tem- Norm.beam emittance, rms 38 min mrad

poral oscillations of about +50 fs we derive a relative
momentum tipple of £107%. The expected bunch
length, including transverse path length dispersion, is
53fs rms at a total charge of 94pCh. Some of the
main beam characteristics from this optimized RF-
gun are compiled in Table 1 with explanations given
throughout this note. The geometric features of the
RF-gun are compiied in Table 2 and described in a
later section of this report.

2.3. RF-gun field

The choice of the electric accelerating field
employed in each cell of the RF-gun greatly

controls the efficacy of bunchcompression. In
Fig. 6, we show the particle distribution in phase
space at the RF-gun exit for different values of the
accelerating fields in the half- and full-cell,
respectively. The field ratio between half- and
full-cell is kept constant to about 1:2 for this
discussion,

In Fig. 6 we note that particles in the bunch
“sad are virtually quasi-monoenergetic for electric
fields of about 45MV/m in the half-cell. This
renders the beam unfit for bunch compression, yet
exhibits a very desirable quasi-monochromatic
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Table 2
Geometry of half (left) and full {right} cell for optimized RF-gun
Segment (units mm) x ¥y Segment (units mm} x ¥y
QOrigin 0.08 0.00 Origin 0.00 5.20
Line to 0.00 41.90 Line to 4.35 5.20
Line to 5.00 41.90 arc,—90°, r=5,00mm to 9.35 10.20
arc,30°, r = 24.64dmm to 29.64 17.26 Line to 9.35 10.50
Line to 29.64 15.00 arc,—90°, r =2.50mm to 6.85 13.00
arc,90°, r=2.00mm to 27.64 13.00 Line to 4.46 13.00
Line to 26.50 13.00 are,0°, r =2.00mm to 2.46 15.00
arc,90°, r=2.50mm to 24.00 10.50 Line to 2.46 17.26
Line to 24.00 [0.20 arc,180°, r = 24.64mm to 51.74 17.26
are,90°, r=5.00mm to 29.00 5.20 Line to 51.74 15.00
Line to 3210 5.20 arc,90°, r = 2.00mm to 49.71 13.00
Line to ' 41.35 13.00
arc,—90°, r=2.50mm to 44.85 10.50
Line to 4485 10.20
arc,—90°, r=>500mm to 49.85 5.20
Line to 58.00 5.20
61 quite reach the cavity exit before the field direction
~ g Myim inverts and particles exiting the cathode at
(5] increasing RF-phases experience increasing nega-
= 35/70 MVim . .
T4 tive acceleration before they reach the end of the
% X half-cell. This becomes more true as the field is
e 23.9/45 MVim further reduced and is determined purely by the
o 24 cavity dimensions, the RF-field amplitude and its
z temporal variation.
=M {50 Mvim At this point, we need to get some guidance on
0 - the choice of the electric field strength for

L} T T T T
700 725 750 775 800 825 850
time (ps}

Fig. 6. Energy-time phase space distributions for different
- accelerating fields in the RF-gun. Parameters are averaged hall}
full-celi accelerating fields.

beam to drive, for example, a Free Electron Laser.
In this high field case, particles pass through the
half-cell in less than one half-RF-cycle and the
integrated acceleration turns out to be about the
same for particles emerging from the cathode
during about the first 25 ps in the RF-cycle.

For lower flelds, a monotonic correlation of
particle energy with time appears as desired for
bunch compression. In this situation, particles
emerging at zero phase from the cathode will not

optimum bunch compression. With the knowledge
of the beam line downstream of the RF-gun (for
example Fig. 35), we may determine an ideally
desired particle distribution at the gun exit,

2.4. Ideal phase space distribution

For a given beam transport line, an ideal
electron phase space distribution at the RF-gun
exit can be defined. The first particle to exit the
RF-gun in each cycle at time Ty =0 is the
reference particle, which also happens to be the
particle with the highest momentum, will arrive at
the experimental station at time Tpr. An electron
with lower momentum travels to the experiment in
a time AT and must therefore exit the RF-gun at a
time 6T compared to the reference particle such
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that AT+ 6T = T,,r and in this case, both
particles arrive at the experimental station at the
same time. Calculating the ideal gun exit-times 6T
for all particle ‘momenta, we obtain the ideally
desired particle phase space distribution at the RF-
fun exit as shown in Fig. 7 in comparison with an
actual particle distribution.

For this particular simulation we used the beam
transport line of Fig. 5 although another beam
transport line could be used as well. The distribu-
tion within the bunch head of the ideal distribution
has the same convex curvature as those we observe
in Fig. 6. A proper choice of the electric field
strength can therefore match the actual to the ideal
distribution at least over a finite range of particle
momenta. For too low-energy particles, both
distributions diverge greatly because particies
travel too slow to be able to catch up and,
extremely, should have left the cathode when the
accelerating field was still negative, which, of
course, is nonphysical. The range of almost perfect
match extends over about the first 10-15 ps of each
bunch where most of the charge is concentrated, A
similar, but much smaller dynamic effect occurs in
the second, full-cell cavity and must therefore be
included as a correction in the overall optimization
procedure. For the RF-gun under discussion this
optimization leads to a perfect match if the
average accelerating field in the half-cell is
239MeV and in the full-cell 45 MeV.

.-
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E 2 ]
";, “ actual parlicle
% ] distribution
c .
] 15 ideal L .
2 197 distribution e .,
o - " \
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- ] '\.\.
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1 s

20 10 QO 10 20 30 40 80
At (ps)

Fig. 7. Ideal and actual phase space distribution at the RF-gun
exit.

3. RF-gun geometry

Internal geometric features of the RF-gun
cavities determine greatly the final beam charac-
teristics. In Fig. 8, the cross-section of both, the
half-cell and the full-cell is shown together with the
electric field profile.

The actual geometry of the optimized SURIYA
RF-gun used for the simulations presented in this
article is documented in Table 2 for both the half-
and full-cell. The ratio in the full- to half-cell field
can be chosen by practical considerations like RF-
power availability and field break-down, while
preserving optimum matching. Since the full-cell
field affects the ideal particle distribution only little
one might choose the highest practical field to
minimize space charge effects. The electric field
values along the cavity axis is shown in Fig. 9. The
geometrical features can be separated into two
groups; those which affect mainly RF-parameters
and have little effect on beam parameters of
interest and those which affect mostly the beam
characteristics. Features further away from the
axis (beam) like the wall defining the cavity
diameter determine in particular the resonant
frequency, which in our case should be
2856 MHz. The length of the effective cavity can
be adjusted either by varying the dimension a or
the iris length by varying dimensions ¢ and e.

Close to ideal phase space distributions can be
achieved if the accelerating field and length of the
half-cell cavity is such that the reference particle
can traverse its effective part within one half RF-
period, the accelerating period.

= — %ﬂ

.

half cell fulk celt

Fig. 8. Internal RF-gun geometry.
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Fig. 9. Electric field profile along the cavity axis.

As discussed earlier, internal features in the
SUNSHINE RF-gun caused a significant beam
convergencefdivergence to seriously affect the
achievable bunch length due to path length
dispersion (Fig. 10). Specifically, a nose cone at
the cathode plate introduced much of the focusing.
In the new design this nose cone is eliminated and
we use a flat cathode plate to minimize beam
divergence. For the same reason the iris radii at the
cell ends are increased sufficientiy to reduce the
radial electric fields and it’s effect on the beam
divergence,

4. Transverse particle dynamics

Due to the natural divergence of the beam and
under the forces of focusing elements, particles
foliow trajectories which are oscillatory about the
ideal beam axis and therefore longer than on-axis
trajectories leading to path length dispersion. The
RF-gun used in the SUNSHINE facility creates a
large beam convergence/divergence as shown in
Fig. 10 which must be compensated with quadru-
pole focusing between RF-gun, «-magnet and
experimental station. The slopes of particle trajec-
tories being of the order of 10mrad cause a
significant spread of the pathlengths and thus limit
the shortest bunch achievable to about ¢ = 120fs
[12).

In the optimized RF-gun design a flat cathode
plate is used and the iris radii are increased to

40 -
20 °
k=)
o
E o0+
- —
* 204 .
A4 T
-1 -0.5 0 0.5 1
XY (mm)

Fig. 10. Transverse phase space distribution at the exit of the
SUNSHINE RF-gun.

reduce the effect of radial RF-fields in their
vicinity. Both changes result in 2 much reduced
beam divergence as shown in Fig. [l (left)
compared to the case for the SUNSHINE RF-
gun shown in Fig. 10. Ignoring space charge
effects, a slightly convergent beam is desired (Fig.
11, left) which then becomes a parallel beam (Fig.
11, right) when repelling space charge forces are
included.

Bunch lengthening depends quadratically on the
beam divergence and is therefore greatly reduced
for the optimized gun design with less than 1 mrad
of divergence for the core of the beam. Unfortu-
nately, the e-magnet introduces strong focusing
which must be matched by some external quadru-
pole focusing causing an unavoidable finite
amount of bunch lengthening. This has been
included in the simulation of the particle distribu-
tion of Fig. 4 for the transport line in Fig. 5. The
lattice parameters for this transport line are
compiled in Table 3, where the parameters before
and after the linac section are for an average
beam momentum of ¢p=281MeV and ¢p=
27.18 MeV, respectively. Special care was taken
in the design of this transport line to avoid any
unnecessary focusing which could lead to path
length dispersion. For the design of the beam line
shown in Fig. 5.we were able to reduce these effects
to a negligible level within the statistical fluctua-
tions of bunch length due to the limited number of
particles in the simulation.

To calculate the beam emittance, we take only
the useful part of the beam with particle momenta
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without space charge effects
20 4

104

x', y' (mrad)
o

with space charge effects

X, ¥ {(mm)

Fig. 1. Transverse phase space distribution of optimized RF-gun without (left) and with (right) space charge effects.

Table 3
Beam line lattice
# Mame I {m) Strength Units
1 Di 0.283 m
2 QD1 0.073 18.750 1/m?
3 D3 0.050 m
4 QF2 007 —34.440 1/m?
5 D4 0.200 m
6 a-mag nfa 395.00 Gfcm
7 D5 0.139 m
8 QF3 0.073 43.300 1/m?
9 Ds 0.164 m
10 QD2 0.073 -39.717 1/m?
11 D7 0.600 m
12 Linac 3.040 8.0 MeV/m
13 D8 0.853 m
14 QF4 0.073 19.664 1/m?
15 D9 0.150 m
16 QD3 0.073 -21.623 1/m?
17 D19 2.480 m

of ¢pz2.60MeV (Fig. 4). Using the definition

ems = V(X2 {x?} — {xx}? the useful beam rms

emittance is &m; = 0.69 mm mrad. For an average
value of the kinetic energy of 2.35 MeV, fy = 5.51
and the normalized beam emittance is
Enoms = 3.8mmmrad. The normalized thermal
cathode emittance (at T = 1300K and a radius
Feath = 3 mmj of &nherm = 0.28 mm mrad (page 102
of [17]) is still small, but has been included in the
PARMELA simulations.

5. Effect of source size

The size of the cathode diameter can limit the
shortest achievable bunch length. Particles emer-
ging at the same time from different cathode radii
will travel through regions confaining different
radial field components. As a consequence, the
length of the trajectories for particles emerging
from different parts of the cathode at the
same time differ although the particle kinetic
energies at the RF-gun exit are almost the
same. Such particles cannot be distinguished
energetically and therefore resist bunch compres-
sion, thus limiting the shortest achievable bunch
length.

Reducing the cathode diameter, space charge
effects become increasingly evident. An intense
pencil beam, for example, does not remain thin
during acceleration in the RF-gun if space charge
forces are included. With decreasing cathode
diameter and constant emission current, space
charge forces from the bulk of the bunch accel-
crate particles in the head of the bunch to an
undesirable degree. As a consequence, the
bunch head follows a longer path in the «-magnet
and the time distribution of the bunch head
is tilted towards later times with respect to
the rest of the bunch. Such a distribution cannot
be compressed effectively. The choice of an
emission current of 2.9 A from a 6mm @ cathode
seems (o be optimum while avoiding such
problems,
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5.1. Beam emittance and particle energy

The particle phase space distribution from RF-
gun has the familiar “butterfiy”-shape due to time-
dependent focusing in the RF-field as evident from
Fig. 11 [18]. If high bunch intensities are desired, a
commensurate increase of the overall beam emit-
tance must be accepted. Closer inspection of the
particle phase space distribution in other dimen-
sions reveals, however, a significant amount of
correlation with particle energy. In Fig. 12 we
show again the results of Fig. 11 (right) but this
time including the finite effect of the thermal
cathode emittance. Furthermore, we plot the
transverse phase space distribution only for select
energy bins of X0.5% to show clearer the
correlation. Since particles of different energies
are also separated in time, this correlation provides
an opportunity for emittance compensation. A
cavity excited to produce radial fields (TMy,;-
mode cavity) seems suitable to eliminate, in first
approximation, the emittance correlation and
thereby significantly reduce the overall beam
emittance.

The unnormalized sEce-emittances for 95% of
the beamlet intensities including (ignoring) ther-
mal cathode emittance are &= 0.35(0.11),
0.42(0.21), and 0.45(0.34) mm mrad for the 2.44,
236 and 2.29MeV beamlets, respectively, as
shown in Fig. [2. A compensation of the apparent
emittance increase due to the RF-field in the RF-
gun seems very desirable and may be possible with
the use of a TMyj-cavity. This possibility is

thermal emittance not included

349 x'(mrad)

L

= X {mm)

3

244 MeV +/- 0,5%

T, 8. 236 MeV 41 0.5%

e
i 2.28 MeV +1- 0.5%

presently under detailed study. In case of such a
successful emittance compensation one could
expect an overall normalized beam emittance of
2mmmrad compared to 3.8 mmmrad without
compensation.

6. Summary

Based on PARMELA simulations, we have
systematically investigated the effect of geometric
and celectric features of an RF-gun with a
thermionic cathode on electron beam parameters,
Specifically, we were interested in the generation of
femtosecond electron pulses. Beam characteristics
are greatly influenced by RF-gun design and
operational parameters. By proper design, the
phase space distribution can be matched to an
ideal distribution for the core of the beam, limited
only by space charge forces. A compromise
between cathode radius and space charge effects
can be found which produces femtosecond elec-
tron bunches of significant intensity. These opti-
mization methods have been applied to the design
of an RF-gun specially optimized to produce
femtosecond electron pulses. Such an electron
source has been built at Chiang Mai University
and will be being commissioned in 2003 {13].
Results from PARMELA simulations show, that
for this S-band RF-gun, electron pulses with a
bunch length of ¢ =528fs rms and a bunch
charge of 94 pCb can be expected. This value does
include effects of path length dispersion in the

thermal emittance included

34 x {mrad)
:“.‘-‘.‘,‘ 23
By, 1]
o HIEN
s

-z -1

k",—2.29 MeV +. 0.5%

Fig. 12, Transverse phase space distdibution for 1% energy slices of the full beam (Fig. 11), Thermal emittance ignored (left) and

included (right). Parameter: kinetic particle encrgy.
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beam transport line leading from the RF-gun to
the experiment (Fig. 5).

A rms transverse beam emittance of gy =
0.69 mmmrad at:an average kinetic energy of W =
2.35MeV or By = 5.51 can be achieved for the full
intensity of 94 pCb per bunch. This corresponds to
a normalized emittance of &, s = 3.17 mm mrad.
The transverse phase space distribution is corre-
lated with the particle energy or time opening a
possibility for correction with the use of a TMg,;-
mode cavity.

Acknowledgements

We would like to acknowledge the financial
support of the Thai Royal Golden Royal Jubilee
Scholarship Program 3.F.CM/41/B.1 (Rimjaem);
FAPESF, The State of Sao Paulo Research
Foundation 97/7523-4 (Farias); the Thailand
Research Fund (Thongbai, Vilaithong) and the
US Department of Energy, BES DE-AC03-
76SF00515 (Wiedemann).

References

[I] M. Bauer, C. Lei, K. Read, R. Tobey, J. Gland, M.M,
Murnane, H.C. Kapteyn, Phys. Rev, Lett. 87 (2001)
025501-1.

[2] D.A. Reis, M.F. DeCamp, P.H. Buckshaum, R. Clarke, E.

- Dufresne, M. Hertlein, R. Merlin, R. Falcone, H.

Kapteyn, M.M. Murnane, J. Larsson, Th. Missalla, J.S.
Wark, Phys. Rev. Lett, 86 (2001) 3072,

[3] H. Ihee, V.A. Lobastov, U.M. Gomez, B.M., Goodsor, R.
Srinivasan, C.Y. Ruan, A.H. Zeweil, Science 291 (2001}
458.

f4] R. Bonifacio, C. Pellegrini, L.M. Narducci, Opt. Commun,
30 (6) (1985} 313.

[5] A.H. Chin, et al,, Phys. Rev, Lett. 83 (1999) 336.

[6] H. Wiedemann (Ed.), Electron-Photon Interaction in
Dense Media, Kluwer, Dortrecht, 2002,

[7] T. Nakazato, et al., Pattern Recogn, Lett. 63 {(1989) 1245,

[8] E.B. Blum, U. Happek, A.J. Sievers, Nucl. Instr. and
Meth. A 307 (1992) 568.

[9] P. Kung, D. Bocek, H.C. Lihn, H. Wiedemann, Phys, Rev.
Lett, 73 (1994) 967.

{10] P.H. Kung, Generation and Characterization of Sub-
Picosecond Electron Bunches, Ph.D. Thesis, Stanford
University, 1996.

[11] H. Wiedemann, D. Bocek, M. Hernandez, C. Settakorn,
1. Nucl, Mater. 248 (1997) 374.

{12] H. Lihn, P. Kung, C. Settakorn, H. Wiedemann, Phys,
Rev. E 53 (1996) 6413,

[13] T. Vilaithong, N. Chirapatpimol, M.W. Rhodes, C.
Settakarn, S, Rimjaem, J. Saisut, P. Wichaisirimongkol,
H. Wiedemann, Proceedings of the Second Asian Particle
Acceleration Conference APACOI, Beljing, China, 2001,
p. 91

f14] L.M. Young, I.H. Billen, Los Alamos National Labora-
tory, Tech Note LA-UR-96-1835, July 2002.

[15] H.A. Enge, Rev, S¢i Instrum. 34 (1963) 385.

[16] M. Borland, A High-brightness Thermionic Microwave
Electron Gun, Ph.D). Thesis, Stanford University, 1991.

[17] A.W. Chao, M. Tigner (Eds.), Handbook of Accelerator
Physics and Engineering, World Scientific, Singapore,
2002. .

[18] Kwang-Je Kim, Nucl. Instr. and Meth. A 275 (1989) 201.



PRODUCTION AND USE OF FEMTOSECOND ELECTRON
BUNCHES

R. FARIASt, 8. RIMJAEMY, C. SETTAKORN{, T. VILAITHONGH,
H. WIEDEMANNS

tLaboratorio National de Luz Sincrotron,

LNLS, Campinas, Brazil

{Fast Neutron Research Focility, FNRF, Physics Department,
Chiang Mai University, Chiang Mai, Thailand

§Applied Physics Department and SSRL,

Stanford University, Stanford, USA

Abstract. Sub-picosecond electron pulses are desired in a variety of applications. Such bunches
can, in principle, be obtained in large, high energy electron linear accelerator systems by repeat-
edly applying an energy slew and magnetic compression. Another process is the production of
short electron pulses at low energies. An rf-gun with & thermionic cathode together with a bunch
compressing c-magnet can serve as such a source. Although such sources have been constructed
and are operating, a systematic analysis of capabilities and limits has not been performed yet.
In this paper, we discuss the particular parameter choices to generate femto-second electron
bunches from an rf-gun. The impact of geometric and electric specifications on the 6-dimensional
phese space distribution of the electrons are investigated through numerical simulations with the
particle-in-cell code PARMELA. Specifically, this includes effects and limitations due to space
charge forces. While the production of femtosecond electron bunches is of primary concern, we
also consider the preservation of such short bunches along a beam transport line.

1. Introduction

Experimental opportunities based on particle beams are often determined by the
particles distribution in 6-dimensional phase space. Sub-picosecond electron pulses
are desired, for example, for direct applications in materials research o1 in high
energy physics for future linear colliders. Other applications are based on the
transformation of short electron pulses into photon pulses by way of free electron
lasers (FEL,SASE). Sub-picosecond x-ray pulses can be derived from these elec-
tron bunches by Compton scattering with an IR-laser beam or by interaction of
electrons in dense media through the process of parametric x-rays, channeling- and
transition radiation or other methods. So far, no existing x-ray source is able tc
produce sub-picosecond pulses. Synchrotron radiation sources are limited to pulse
lengths of > 50 ps.

Sub-picosecond electron pulses can also fill the gap of useful radiation sources
in the far infrared. Coherent far-infrared radiation with wavelength of 1 mm
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> X 2 50 pm can be derived through any radiation process, be it transition radia-
tion, Cherenkov radiation, synchrotron radiation etc. at a photon beam brightness
which can be many orders of magnitude higher than black-body or synchrotron
radiation. In Fig.1 the brightness of coherent transition radiation from o, = 10 and
30um bunches are compared with 2000°K black-body radiation and synchrotron
radiation from an 1 GeV, 500 mA storage ring. The very high efficiency of coherent

_fir-radiation from sub-picosecond electron bunches comes from the fact that the

radiation intensity scales like the square of the number of electrons per bunch,
~ N2, while synchrotron radiation is incoherent and therefore scales like ~ N,. The
high brightness of coherent fir-radiation together with sub-picosecond pulse dura-
tion opens new experimental possibilities including the use of room-temperature
detectors.

1x10"
1x1016§ B =10.um
1x10‘§ Rz~ ¥

synchrotron
radiation

black-body

5 radiation
1x10 | T T T TIT T T 11T T T rrrm)

2 5 20 50 100 200 500 1000

1 10
wavenumber, cm-

Figure I. Photon beam brightness comparison between black-body radiation, synchrotron
radiation and coherent radiation from sub-picosecond electron bunches. The brightness B is

defined as the photon flux per unit source area {(mm?), angular acceptance {mrad?) and band
width. '

The calculation of the brightness for coherent transition radiation is based on
the actual electron beam performance of the SUNSHINE facility[1}[2] with 1 us
long macro-pulses containing 3000 micro-bunches, each on average oy = 30 um
long, at a repetition rate of 10 Hz. The charge of each micro-bunch is 80 pC
or 5 - 108 electrons per microbunch [3]. Of course, coherent radiation from short
electron bunches occurs only at wavelength of the order of the bunch length and
longer. The actual spectrum is determined by the form-factor which is the Fourier
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transform of the particle distribution in the bunch and is for a Gaussian beam

4n2q2
f (azl A) = exp <_ 22 ) . (1)
The expected coherent radiation power spectrum is determined by
Feon (w) = p(w) [Ne + Ne(Ne — 1) f (o, M (2)

where p(w) is the power spectrum of a single electron for the radiation process
under consideration and N, the number of electrons per micro-bunch. For long
wavelengths this form-factor is closé to unity signifying a fully coherent photon
beam scaling with the square of the number of electrons per microbunch. At wave-
length comparable to and shorter than the bunch length, the form-factor vanishes
exponentially leaving only the much weaker incoherent transition radiation. It is
possible to create microbunches with 108 — 10° electrons rendering the coherent
radiation intensity higher by the same factor compared to incoherent radiation.
This factor pushes the far-infrared photon brightness well beyond that available
from other sources.

‘These possibilities stimulate efforts to promote the ability for sub-picosecond
electron bunch generation. In this report we focus on such developments pursued
at the SUNSEINE (Stauford University Short Intense Electron Source) facility,
where we produce sub-picosecond electron bunches from s lé—cell f-cavity (Fig.
2), operating at 3 GHz, with a thermionic cathode followed by an o-magnet for
bunch compression (Fig. 3). The 6 mm ¢ thermionic dispenser cathode is mounted
in the wall of the half cell and emits, for the cases discussed here, an electron
current of 3.4 A corresponding to a modest current density of 12 A /cm?.

Electrons emerging from the cathode travel first through the half and then the
full rf-cell reaching a kinetic energy of 2 to 3 MeV. The use of a half-cell is necessary
because the electrons from the cathode are very slow an cannot reach the end of a
full cell even in a strongly accelerating field. The rf-gun is followed by some focusing
elements and an a-magnet for bunch compression. After compression in the o-
magnet the beam is further accelerated in a linear accelerator and transported to
the experimental station.

1.1. NUMERICAL BEAM SIMULATIONS

The beam performance of the SUNSHINE rf-gun to produce sup-picosecond elec-
tron bunches was a fortunate side product since the gun was developed for another
application. It is interesting therefore to investigate the bunch forming process in
the rf-gun in more detail and optimize the rf-gun design for the generation of fem-
tosecond electron bunches. Such a study has been performed based on numerical
beam simulations with the program PARMELA [4]. Simulation results exhibit a
special phase space distribution of the beam at the rf-gun exit as shown in Fig. 4
for one of many 3 GHz cycles, which makes efficient bunch compression possible.
Considering the detailed particle dynamics in the half-cell we note that no electrons
are ernitted from the cathode during the decelerating half period of the electric
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Figure 2. Cross section and 3D-view of a 1 %-cell rf-gun
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Figure 3. rf-gun with a-magnet for bunch compression

field. As soon as the field becomes accelerating, electrons emerge from the cathode
forming a beam in the rf-gun.

The particle distribution shows electrons with the highest momenta exiting
the rf-gun first followed by lower-momenta electrons. The path length in the o-
magnet is momentum dependent such that electrons with higher momenta follow
a longer path than lower-momenta electrons (Fig. 3). This feature leads to bunch
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Figure 4. Particle distribution in phase-space at the rf-gun exit

compression. From the histogram in Fig. 4 we also note that most electrons are
concentrated in the first 10-20 ps of the bunch. An electron source at the SUN-
SHINE based on these components is producing regularly micro-bunches of o =30
pm length at an intensity of about 4-10® electrons per micro-bunch.

A recently completed design study shows the possibility to reduce the micro-
bunch length from about 30 ym at the SUNSHINE facility to 10 um by optimizing
the shape and operation of the rf-gun. PARMELA simulations indicate the fea-
sibility of such short bunches at a bunch charge of 103 pC as will be discussed
later in this article. A maximally compressed bunch resulting from PARMELA
simulations is shown in Fig. § exhibiting two distinct features: a very narrow spike
(0 = 2.8 fs) and a broader base (¢; = 34 fs). The narrow spike is the result of
constructive space-charge forces within the rf-gun, but is probably of no practical
significance. Even & small transverse beam divergence can cause within only a
short distance a spread in the bunch length of several fs. The bulk of the bunch
has a width of o =35 fs and contains 7 - 108 electrons or a charge of 103 pC.
The wavy perturbation of the particle distribution is the result of a space charge
induced instability which ultimately limits how short the electron bunches can be.
In a practical application, one can adjust the momentum filter in the a-magnet
such that only the desired part of the beam would pass (see Fig. 3).

The strength of the a-magnet, and thereby the compression is chosen such
that the shortest bunch actually is reached not at the a-magnet exit but at the
location of the experiment or of conversion into a photon beam. This procedure
takes care of the velocity dispersion in the beam which transforms into a bunch-
length variation between o-magnet and experiment. The particle distribution in
Fig. 1 is therefore not reached at the o~-magnet exit but rather at the location of
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Figure 5. Particle distribution at the location where the bunch length is & minimum. The sharp
spike and base have a width of 3 and 35 fa (rms) respectively. The charge contained in both parts
is 35 and 105 pC.

the experiment.

2. Eléctron Beam Optimization

Optimization of the rf-gun design for the production of femtosecond electron
bunches occurs in several areas. A detailed discussion of the optimization procedure
can be found in [5]. As mentioned before, the choice of the rf-field in the half-cell
greatly influences the ability to compress bunches. In Fig.6 electron phase-space
distributions are shown for different accelerating fields in the half-cell. If the field is
chosen to be too large, the phase-space distribution becomes quasi-monochromatic
and unsuitable for bunch compression. This is the preferred mode of operation to
drive a free electron laser. '

For efficient bunch compression, the field must be reduced. The convex na-
ture of the particle distribution in Fig. 4 during the first 10-15 ps matches well
the dynamics of bunch compression in an o-magnet. By carefully selecting the
accelerating fields in the half-cell of the rf-cavity, the degree of curvature in the
phase space distribution can be shaped for virtually perfect compression. Only
unavoidable space-charge forces limit the final bunch compression.

Further optimization procedures involve the geometry of the rf-gun. Here, we
concentrate on geometric features close to the beam path which are responsible for
radial field components. Such features must be adjusted to minimize the divergence
of the beam at the rf-gun exit which becomes the cause of bunch spreading along
the beam line. Specifically, we choose the radii of the irises between the cells
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Figure 6. Phase-space distributions at the exit of the rf-gun for different electric fields in the
half cell.

TABLE I. Optimized S-band Rf-gun and Beam Parameters

max. beam momentum, p 2.86 MeV/c
velocity, # =v/fe ‘ 0.9845

avg./max. axis-field in half cell 23.2 / 29.6 MV/m
avg./max. axis-field in full cell 45.0 / 67.6 MV/m
cathode emission current 3.4 A
cathode diameter 6.0 mm
peak/base bunch length, o 3/34 fs
peak/base charge/bunch 34 /103 pC
beam current, peak/base 4500 / 1190 A
beam emittance, slice/base , > 0.046 / 0.63 mm mr

and at the rf-gun exit to minimize radial field components in the area of the
electron beam. Geometric features of the rf-gun further away from the beam have
little effect on the beam itself but influence mainly the rf-frequency and other
microwave parameters. This optimization procedure leads to general rf-gun and
beam parameters as compiled in Table 1.

The actual geometric shape of the inside contour in both cells is shown schemat-
ically in Fig. 7 and its geometric features are documented in Table 2, where all
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TABLE Il.  Geometry for optimized S-band Rf-gun

segment x Y segment X Y
origin 0.00 0.00 | origin 0.00 5.20
straight to 0.00  41.90 | straight to 4.35  5.20
straight to 5.00 41.90 | arc -90°,r=5.00, 9.35 10.20
arc, 90°,r=24.64, 29.64 17.26 | straight to 935 10.50
straight to 29.64 15.00 | straight to 9.35 10.50
arc, 90°,r=2.00, 27.64 13.00 | arc, -90°,r=2.50, 6.85  13.00
straight to 26.50 13.00 | straight to 4.46 13.00

arc, -90°,r=2.50, 24.00 10.50 | arc, 90°,7=2.00, 2.46 15.00
straight to 2.00  10.20 | straight to 2.46 17.26
arc, -9d°,r=5.00, 29.00 5.20 [ arc, 180°,r=26.64, 51.74 17.26
straight to 32.10 5.20 | straight to 51.74 15.00
arc, 90°,r=2.00, 49.74 13.00
straight fo 47.35 13.00
arc, -90° r=2.50, 44.85 10.50
straight to 44.85 10.20
are, -90°,r=5.00, 49.85 5.20

straight to 54.10 5.20

dimensions are in mm. . The shortest temporal width of the particle distribution or
bunch length in Fig. 5 is limited by the 6 mm @ cathode. Particles from different
parts of the emitting cathode disk travel along more or less curved frajectories
due to radial field components while gaining the same energy. Particles leaving
the cathode at almost the same time travel along different paths resulting in a
spread of the bunch length which cannot be compensated anymore because these
particles have the same energy. Reduction of the cathode radius would reduce the
path-length dispersion and thereby the resulting bunch lengths if it were not for
space charge effects. For an emission current of 3.4 A. the reduction in bunch length
for cathode diameters less then 6 mm is compensated by space charge effects. In
addition, the increase of charge density causes the appearance of an shock-wave
instability preventing the shortening of the bunch [6]. Therefore, a compromise
between cathode radius, electron beam current and bunch length must be made.
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Figure 7. Rf-gun shape and field pattern

3. Summary

Sub-picosecond electron bunches previde the opportunity to perform experiments
with sub-picosecond x-ray pulses as well as coherent far infrared radiation of very
high brightness. Such photon beam characteristics presently cannot be obtained
in any other way. We have described the optimization of an rf-gun to produce sub-
picosecond electron bunches as short as oz = 10 um or o, = 33 fs. A prototype
based on the design described has been machined and is under rf-evaluation. It is
expected that the new rf-gun will be ready by the end of the year for beam testing,.
The shortest achievable bunch length is limited by space charge forces. Further im-
provements will be possible if these space charge forces can be compensated in some
way. Beyond that the shock-wave instability and/or the unavoidable transverse
divergence of the beam will put a more fundamental limit to the shortest bunches
achievable. This limit, of course, assumes that a long bunch will be compressed to
a short bunch limited only by the increasing charge density. An alternate way of
generating short bunches, not considered here, is to provide coherent interaction
with an electromagnetic wave like that of a free electron laser to break-up the long
bunch into much shorter segments.
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“Abstract

- The SURIYA project at the Fast Neutron Research

“Facility (FNRF) has been established and is being
commissioning to gencrate femtosecond (fs) electron
bunches. Theses short bunches are produced by a system
consisting of an S-band thermionic cathode RF-gun, an
alpha magnet (a-magnet) serving as a magnetic bunch
compressor, and a SLAC-type linear accelerator (linac).
The characteristics of its tnajor components and the beam
characterizations as well as the preliminary experimental
results will be presented and discussed in this paper.

INTRODUCTION

The femtosecond electron facility was established and
developed since 2000 at FNRF under SURIYA project {1]
to study fs electron and photon pulses generation and
applications. Femtosecond electron bunches generated
from SURIYA set-up can be used for direct zpplications
. wwsuch as electron diffraction [2), or to produce either far-

..infrared (FIR) radiation or femtosecond X-ray pulses [3,

4]. The SURIYA project set-up is located at the basement

of the FNRF building for radiation shielding reason. The
- basic components of SURTYA are a thermionic RF-gun,

an o-magnet, a SLAC-type linear accelerator (linac),
beam steering and focusing elements, beam diagnostic
instruments, RF system, and control units. Figure 1 shows

a schematic layout of SURIY A set-up and area.

Presently, commissioning and characterizations at
SURIYA  are  underway.  Preliminary  beam
characterizations reveal that up to 900 mA electron beams
of 24 MeV can be produced from the RF-gun.
Optimization for beam acceleration and beam guidance
during post acceleration is currently in progress. The
beam energy after acceleration is expected to be about 20-
25 MeV. At experimental stations, FIR radiation will be
produced in form of coherent transition radiation (TR)
while fs X-ray pulses will be produced as Parametric X-
ray (PXR). Electron bunch lengths will be measured by
autocorrelation of the coherent TR via a FIR spectroscopy
in a Michelson interferometer. More details regarding to
the radiation productions are presented in reference [5].

GENERATION OF FEMTOSECOND
ELECTRON BUNCHES
The SURIYA electron source and compression system,

consists of a thermionic RF-gun and an a-magnet serving
as a magnetic bunch compressor, of which the schematic

¥ neung@fnrf.science cmu.ac.th
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layout is shown in Fig. 2. The RF-gun is 1-1/2 S-band
standing wave cavities. It has a dispenser thermionic
cathode with 6-mm diameter attached at the flat wall of
the first half-cell. The cathode is heated by an AC power
supply to produce an electron beam with thermal energy.
Electrons are accelerated or decelerated depending on the
phase of the supplied RF-oscillating fields. The RF-gun
structure was designed to accelerate electrons such that
the first electron gains maximum energy and get through
the half-cell before the RF-fields become decelerating
phase. The later ones feel less acceleration and therefore
gain less energies. This results in energy-time distribution
in which higher energy electrons locates at the head of the
bunch followed by the lower energy electrons.

i w‘.
Mngncl PS

S o (o)

Alpha
Magnet 7

Figure 1: Schematic layout of SURIYA project at the Fast
Neutron Research Facility (FNRF).

Bunch compression takes place in the e~magnet where
higher energy electrons transverse longer closed path than

0-7803-8859-3/05/$20.00 ©2005 IEEE
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the lower ones. This method provides a simple yet
effective electron bunch compression. Since the ultrashort
bunch generation is the most concern for our applications,
the RF-gun design and optimization of electron bunch
compression have been studied to serve this purpose [6].
Inside a vacuum chamber of the a-magnet, two slits were
installed as an energy filter. These energy slits is very
helpful in the improvement of beam transmission through
the linac without a big loss since we can select electrons
with small energy spread. Results from measurements and
testing of the RF-gun and oa-magnet performance are
listed in Table 1.

Alpha
magnet

* Thermioni¢ cathode

Figure 2: Schematic diagram of electron source and
compression system,

Table 1: RF-gun and «-magnet Performance

Parameters Value
fir of RF-gun from cold tests (GHz) 2.855
Q-factor of RF-gun from cold tests 12979
Average field ratio of HC:FC (bead-pull) 2.186
Max. beam energy from RF-gun (MeV) 24
a~magnet current (A) 265
a-magnet gradient (G/cm) 450

POST ACCELERATION AND BEAM
TRANSPORT SYSTEM

Post Acceleration and RF System

To obtain higher beam energy and radiation
collimation, the electron beam is further accelerated in a
SLAC-type linac to reach about 20-25 MeV. The RF-gun
and linac are powered by separately 5-MW klystrons with
their associated modulators. At low RF-power, an RF
oscillator tank generates 2.856 GHz signals. The RF
signal is split into two parts by a 90° Hybrid directional
coupler. One signal feeds the gun RF-amplifier and the
other goes to the linac RF-amplifier via an adjustable
phase shifter. The klystron can produce about 5§ MW peak
power with a maximum pulse width of 6 ps at 5-20 Hz
repetition rates. The high power RF signals from klystron

0-7803-8859-3/05/$20.00 ©2005 IEEE

enter into waveguide section through a ceramic RF
window and then are transmiited to the RF-gun and the
linac through a rectangular wavegnide system pressurized
with SF6 to prevent electrical discharges. RF-power is
measured using directional couplers installed at the
wavegnide section for the RF-gun and the linac, At the
end of the waveguides, there are ceramics windows to
separate the SF6 pressurized waveguides from the rest of
the beam transport line.

Beam Transport System

To minimize the transverse dimension of electron
beam, some beam focusing and steering elements are
needed. There are several quadrupole and steering
magnets placing along the beam transport line. The air-
coil small dipoles are used as beam steering elements.
The quadrupoles magnets are used mainly for beam
focusing and can also be used for beam emittance
measurement. The beam emittance measurement will be
performed by quadrupole scan technique,

Combination of a 0.4 Tesla electromagnetic dipole
magnet and a Faraday cup are placed at the end of the
beam transport line serving as an energy spectrometer and
a charge collector. The spectrometer had been designed
and simulated by using the computer code RADIA [71.
The field distribution measurement was performed to
verify the simulation results and to be used for beam
eneargy measurement,

BEAM CHARACTERIZATIONS

In this section some of preliminary beam diagnostics at
SURIYA, especially the beam characteristics from the
RF-gun will be presented and discussed. At the initial
stage of beam commissioning, we fed 3.5 MW RF-power
pulses of 5-6 ps long to the RF-gun., Eleciron peak
cutrents of about 1A with sharp rising edge were
observed. There are evidences indicating significant the
cathode self-heating from back-bombardment. To reduce
the effect of the electron back-bombardment due to high
average RF-power, we reduce the RF-pulses to 3-5 ps for
the RF-gun operation. This results in lower beam
cutrents, shorter current pulses with slower rise times.
Measured signals of incident and reflected RF-power as
well as the beam current signals are illustrated in Fig. 3.
The pulse length of the incident RF signal is 4 ps
(FWIHM) with about 4 MW peak power,

Beam Current and Charge

Beam current of the electron macropulse is measured
by a current monitor that installed at several locations
along the beam transport line. The current monitor is a
pulse transformer with a ferromagnetic core. The winding
coil around the core works as the secondary while
electron beam acts as a primary coil. The electron beam
pulse signals from the RF-gun and after the «-magnet are
shown in Fig. 3. The RF-gun produces electron
macropulses with the pulse length of about 1.5 ps and 100
ms apart at a repetition rate of 10 Hz. Each macropulse

3926



Proceedings of 2005 Particle Accelerator Conference, Knoxville, Tennessee

consists of about 4000 electron microbunches which are
spaced at 350 ps. About half of the electrons can get
through the o-magnet before guiding to further
acceleration in the linac.

(v) wauma

RF-signal (V)

"6 g 0 12 14 16
time (ms)

Figure 3: Measured waveforms for the incident RF-power
(Inc) and the reflected RF-power (Ref) at the RF-gun, the
current monitor after the gun exit (CT1), and after o-
magnet (CT2).

The amount of electrons generated from the RF-gun
depends significantly on the cathode temperature. The
study of cathode temperature effects on electron density
to determine the range of cathode temperature was
periormed and the results are presented in Fig. 4 for three
- different RF-power levels. The results reveal that the
-cathode has to be heated to reach temperature threshold
where electrons can be emitted. At a temperature lower
sthan the limit no electron will be emitted. On the centrary,
heating to a temperature above the limit will lead in
current saturation. The study results are also show that the
higher RF-power employed to the RF-gun, the lower
heating is needed to be supplied to the cathode. At the
operation with the peak power of RF about 3.0-4.5 MW,
the RF-gun can-produce the electron beam with a pulse
current of about 700-900 mA depending on the cathoede
temperature and the RF-power.
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Figure 4: Electron density from the RF-gun as function of
cathode temperature,

Beam Energy and Image

The electron beam energy is measured by using energy
slits inside the a-magnet. Preliminary experimental results
show that we can generate the electron beams with kinetic
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energy of about 2.4 MeV at the exit of the gun, Electron
energy after acceleration by the linac measured via a
small air-coil dipole magnet is about 15-17 MeV. Energy
spectrometer is needed for more precise measurement
results. We plan to measure the electron energy as a
function of the linac temperature and phase of the RF-
power.

The electron beam transfer line was commissioned to
the end of the beam fine in April 2005. The image of the
first beam on the fluorescent screen at the end of the
beamline is shown in Fig. 5.

Figure 5: Image of the first beam at the end of the
beamline.

SUMMARY

The description of the accelerator set-up at the
SURIYA project is presented as well as the status of the
commissioning and beam tests, Preliminary measurement
results show that the electrons beam of energy about 2.4
MeV with current of 700-900 mA can be generated from
the RF-gun while the cathode is heated at temperature of
900-1040°C. More beam diagnostics are needed to
characterize the beam propertic. after the linac
acceleration as well as at the experimental station which
planed to be station for FIR radiation and PXR.
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Abstract

Femtosecond (fs) electron and photon pulses become a
ool of increasing importance to study dynamics in
ultrafast processes. Such short electron pulses can be
generated from a system consisting of a thermionic-
cathode RF-gun and a magnetic bunch compressor. The fs
clectron pulses can be used directly or used as a source to
produce equally short electromagnetic radiation pulses via
certain kind of radiation production processes. At the Fast
Neutron Rescarch Facility (FNRF), Thailand, we are
especially interested in production of radiation in Far-
infrared and X-ray regime. In the farinfrared
wavelengths, the radiation emitted from fs electron pulses
is cmitted coherently resulting high intensity radiation. In
the X-ray regime, development of fs X-ray sources is
crucial for application in ultrafast sciene.

INTRODUCTION

Ultrashort electron and photon pulses, especially in the
femtosecond (f5) time scale, have become important tools
for study dynamics in ultrafast processes. Accesibility of
such short pulses made it possible to monitor dynamics of
chemical reactions, biomolecular processes and in time-
resolved experiments with fs resolving power [1, 2]. The
SURIYA project, to develop fs electron and photon
sources, has been established at the Fast Neutron
Research Facility (FNRF), Thailand, and is now under
commissioning. A schematic layout of SURIYA set-up is
shown in Fig. 1 consisting of an RF-gun with a
thermionic cathode, an o-magnet, a linear accelerator
and beam transport components. The electron bunches of

PXR ¢—- o= =

ultrashort duration, even at the low energy level without
further acceleration, can be used directly for time-
resolved analysis applications [1]. Furthermore, the
electron bunches can be used to generate fs electro
magnetic radiation pulses,

When accelerated, charged particles emit electro
magnetic radiation and the radiation characteristics are
different depending on radiation production mechanisms.
Utilizing fs electron bunches to produce radiation with
proper radiation production processes makes it possible to
generate fs clectromagnetic radiation pulses. Under
SURIYA project, we are especially interested in
production of far-infrared (FIR) radiation and X-ray. High
intensity FIR radiation can be produced via coherent
transition radiation (TR) while the X-ray can be produced
by way of parametric x- radiation (PXR).

GENERATION OF FEMTOSECOND
ELECTRCN BUNCHES

As shown in Fig. 1, fs electron bunches are generated
from a thermionic-cathode and an o-magnet serving as a
magnetic bunch compressor. The specially-design RF-gun
was studied and constructed [3], It was designed such that
the first particle in each S-band cycle will be exposed to
maximum acceleration while any later particles will
accumulate less energy. By this condition, higher energy
particles will emerge first from the RF-gun followed by
lower energy particles, consequently generating a well-
defined cormrelation between energy and time. Electron
bunches of 20-30 ps at 2-3 MeV from the RF-gun are then

E

Linear Accelerator

Expedment

il

Hathr

Figure 1: Schematic layout of the system at SURIYA of the Fast Neutron Research Facility.
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compressed in an c-magnet, where the particle path
length increases with energy, This allows the lower
energy particles, emitted later in each bunch, to catch up
with the front for effective bunch compression. At the end
of this process, the bunches are compressed to less than 1
ps. After acceleration in a single section S-band linear
accelerator up to 20 MeV, the electrons are guided to
experimental stations for radiation production,

GENERATION OF COHERENT
FAR-INFRARED RADIATION

At a wavelength longer than the electron bunch length,
the radiation is emitted coherently with the intensity
scaling like N?. With a typical number of elecirons N
around 10® to 10° electrons in each bunch, the radiation
intensity will be enhanced by the large factor. Intense
FIR radiation can therefore be derived from relativistic fs
electron bunches [4]. The total radiated power from a
mono-energetic bunch can be written as P{@)=P(«)[N +
N(N-1{{@)], where Py(w) is the radiated power fiom a
single electron, The form factor, @), is the Fourier
transform of the bunch distribution and the second term in
the square bracket describes the coherent radiation. The
factor Nflw) will enhance the incoherent radiation
intensity emitted by any radiation production processe,

Transition Radiation (TR) is emitted when a charged
particle passes through an interface between two media
with different dielectric constants. A thin Al-foil is
employed to serve as the TR radiator which represents the
transition between vacuum and conductor. A 45°-tilted
Al-foil can be used as the TR radiator to produce
backward TR emitted at 90° with tespect to the beam
axis, as shownin Fig, 2.

Al-foil -

4 electron

autocorrelation
of FIR pulses

-3000-2000-1000 O 100D 2000 3000
time (fs) .

Figure 2: Coherent TR in the FIR from electron bunches.

The spectral-angular distribution of the emitted TR
energy can be described by

&w _ rmltsin’g
dedQ #’e(1-Bsin® 8)?

1)

where #is the emission angle with respect to the electron
beam axis. The intensity increases from zero in the
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forward direction to a broad peak at an angle 8= 1/ x
Figure 2 also shows an autocorrelation of FIR pulses
generated by approximately 120 f5 of 26 MeV electron
beams from a similar system [4]. The autocorrelation
pattern, which can be used to determine the radiation and
electron pulse lengths, was taken by using a Michelson
interferometer. As described by Eq. 1, the single electron
TR spectrum is uniform up to a very high frequency,
however, for coherent TR this uniform spectrum folds
with the form factor of the electron bunch. Figure 3 shows
a measured coherent TR spectrum obtained from the same
measurement shown in Fig. 2. The radiation is broadband
and its detectable spectrum reaches from microwaves to
120 cm” wavenumber. The FIR radiation brightness of
coherent TR estimated for 50 £ electron bunches,
expected in the near future at FNRF [3], extending to over
300 cm’' wavenumber greatly exceeds that of a black
body as well as that of synchrotron radiation as shown in
Fig. 4.

spectral energy density (J-cm)

RN

1 t t t J
20 4 &0 £0 100 120
wavenumber (1/cm)

Figure 3: Coherent TR raw-spectrum (dashed-line) and
the corrected spectrum (solid line) after applying the
correction for beam splitter (BS) efficiency. The dotted-
section occupy region near singularities of the BS
efficiency.
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Figure 4: Radiation brightness B (Ph/s/mm?/100%BW)
of Coherent TR, blackbody and synchrotron radiation,

black-body
radiation

GENERATION OF X-RAY PULSES

Variety of radiation production mechanisms can be
used to convert the fs electron bunches to x-ray pulses as
for example bremsstrahlung, synchrotron-, channeling-,

0-7803-8859-3/05/$20.00 ©2005 IEEE
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transition-, Smith-Purcell-, and parametric x-radiation as
well as Compton scattering. Among those, the parametric
x-radiation (PXR) is suitable for X-ray production using
few tens MeV electron beams since the photon energy
being produced is independent of the electron energy. The
name PXR is accepted in most experimental publications
for the X-ray emitted when a charged particle passing
through a crystal [5-7]. There are two schemes for PXR
generation from relativistic electrons: Laue and Bragg
geometry, For Laue geometry, the radiation production is
associated with crystallographic planes perpendicular to
the slab surface while Bragg geometry deals with
crystallographic planes oriented parallel to the slab
surface. PXR is generated under the Bragg condition
dsing = nA allowing us to select the photon energy by
adjusting the crystal rotation angle ¢ The PXR
production geometry can be described using Fig. 5 with a
100) silicon wafer at observation angle 8.

PXR foen (1100

Figure 5: Geometry for PXR generation from a (100)
silicon wafer.

The energy of PXR can be derived from [7]
- ch|g-V k|7 ||3]st
] Y @
c—JeV-Q  1-fBcosd
where £ = PXR energy, = PXR angular frequency, ¢ =

velocity of light in vacuum, g = the reciprocal lattice

vector, ¥= electron velocity, © = direction of
observation and £ = dielectric constant of the crystal
which becomes unity for X-rays. The reciprocal lattice
magnitude in Eq. 2 can be calculated from Miller indicies
of the plane (hikl), and the lattice constant @ as

|§'|=(271'/’c:f)\}hz+Ic2+.!'2 . By comparing [grl for the
(220)-plane and (100)-plane, one can see that the
radiation associated with the (220)-plane results in a
higher energy based on the higher magnitude of
reciprocal lattice vector. Estimated PXR energy
associated with the (220)-plane as a function of crystal
rotation angle ¢ and observation angle & by keeping
£ =2¢, as indicated by Bragg direction, are shown in
Fig. 6.

Although, at very smail observation angles, the PXR
energy can be as high as 100 keV, the radiation is emitted
in the direction close to the direction of the electron
bearns and makes it difficult to detect. PXR in 10-35 keV

Crystal rotation angle ¢ (degree)

0 s 10 15 20
100 1 1 L] -
80 -
3
< 60
B
g
a 40
e
»
& 2 ]
0 T L T T
0 10 20 30 40

Observation angle 6 (degree)

Figure 6: PXR energy from Si(220)-plane as function of
observation angle # and crystal rotation angle &,

range can be obtained at more convenient observation
angles of 1045 degrees and thus become our main
interest for X-ray pulses production.

CONCLUSION

With accessibility of f5 electron bunches it is possible
to generate high brightness, coherent, broadband FIR via
TR and generate tunable x-rays via PXR. The radiation
pulses come in very short bursts of fs duration reflecting
the electron bunch length and time structure. The high
intensity 5 FIR pulses can be applied for FIR
spectroscopy allowing direct determination of complex
refractive index [8]. The availability of fs X-rays will
open up opportunities for time-resolved studies of
ultrafast processes.
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Abstract

At the Fast Neutron Research Facility (FNRF), Chiang

- Mai University (Thailand), the SURIYA project has been
" established aiming to produce femtosecond electron

pulses utilizing a combination of an S-band thermionic rf-
gun and a magnetic bunch compressor (o-magnet). A
specially designed rf-gun has been constructed to obtain
optimum beam characteristics for the best bunch
compression. Simulation results show that bunch lengths
as short as about 50 £ rms can be expected at the
experimental station. The electron bunch lengths will be
determined using auwtocorrelation of coherent transition
radiation (TR) through a Michelson interferometer. The
paper discusses beam dynamics studies, design,
fabrication and cold tests of the rf-gun as well as presents
the project current status and forth-coming experiments.

INTRODUCTION

Femtosecond electron and photon pulses have become

_intercsting tools for basic and applied appiicaiions,
" especially in time-resolved experiments [1,2,3]. Such

short electron pulses can be used to generate intense
coherent far-infrared (FIR) radiation, ultrashort X-ray
pulses, and fiee clectron laser (FEL). Although,
photocathode rf-gun is a promising source to generate a
high brightness ultra short electron pulses [4], it involves
a complex laser injector and requires high financial cost.
On the contrary, a thermionic cathode rf-gun with suitable
compression system can play similar role to produce
intense electron beam with pulses duration in order of
femtosecond [5].

At SURIYA, femtosecond electron bunches will be
produced from a combination of an S-band rf-gun with
thermionic cathode and a magnetic bunch compressor in
the form of an a-magnet [6]. The schematic layout of
SURIYA beamline is presented in Fig. 1,

experimental station alpha magnet

Figure 1: Schematic layout of SURIYA set up at FNRF.

The rf-gun generates 2-3 MeV electron beams, which
are then traveling through the o-magnet for bunch

*neung@fhrfscience.crmut.ac.th

compression. A 30 MeV linac is used to achieve higher
energy as well as more confine beams. At experimental
stations, coherent FIR radiation will be generated as
coherent TR either for beam diagnostics or other
experimental uses.

RF-GUN AND RF SIMULATIONS

Fig. 2 is illustrated the SURTYA rf-gun cross section
and 3D-view showing the thermionic cathode attached at

“the end wall of the half-cell (HC) and electron beam exits

out at the end of the full-cell {FC). The field in the two
cells is coupled through an external coupling cavity.

thermionic
cathode
7

-
N
S
7

RS
-

FRSRS

half-cell full-cell
Figure 2: Rf-gun cross-section and 3D-view.

electron beam

Numerical simulations for rf characteristics of the
SURIYA rf-gun were performed using the EM field
solver code SUPERFISH [7]. Based on 2D-simulation,
SUPERFISH cannot be used to investigate 3D-shape
include coupling cavity, rf-input and vacuum pumping
ports. This leads to a deviation of the simulated results
from the measured values. SUPERFISH results, however,
give fair ideas regarding to the rf-gun electrical properties
as well as the helpful scaling law concerning the rf-gun
dimension and its resonant frequency (fy). During
fabrication processes, modifications of the rfigun
dimension based on SUPERFISH scaling law were
performed together with the rf-measurements.

BEAM DYNAMICS STUDY

A particle-in-cell computer code PARMELA was used
to simulate and investigate particle dynamics through the
EM fields inside the rf-cavities [8]. In the studies the 6-
mm diameter thermionic cathode is set to emit a 2.9 A
uniform distribution electron beam which is represented
by 100,000 macroparticles per 2856 MHz rf-period with
space-charge effects.

Longitudinal Particle Dynamics

Due to a sinusoidal time-varying field inside the
cavities a very concentration of particles are accumulated
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in the head {defining as the field becomes acceleration) of
the bunch leading to a small correlated particle
distribution between energy and time as shown in Fig. 3.
Ten percent of high-energy particles concentrate at the
head of the bunch appears in the length of some 10-20 ps.
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Figure 3: particle distribution in energy-time phase space
for a single S-band electron bunch at the rf-gun exit.

The concave shape of the particle distribution at the rf-
gun exit in Fig. 3 matches well to bunch compression in
the o-magnet. It will rotate clockwise as the beam travels
through the ci-magnet with o loop paths of the length (8)
depending on the particle momenfum (cp) and the
magnetic gradient (g) as S~cp/g]'®. Thus, lower
momentum particles follow shorter path than the higher
one, leading to simply magnetic bunch compression. The
value of the o-magnet field gradient is chosen to
compensate velocity dispersion so that the shortest
bunches are generated at the desired experimental station.

A computer code Bcompress is used to simulate
partictes dynamics from the gun exit to the experimental
station. Locations of the experimental station where the
shortest bunch length can be achieved as well as other
parameters can be determined using the code. Among
those, the choice of the electric accelerating field
employed in each cell of the rf-gun highly affects the
bunch compression. The simulation results suggested that
the field ratio between HC and FC should be 1:2 for
optimum bunch compression [9]. The temporal particle
distribution after compression and acceleration with
respect to the initial momentum at the rf-gun exit is
presented in Fig. 4. The expected bunch length, including
transverse path length dispersion, at an optimum
experimental location is 53 fs rms with a total charge of
94 pCb.
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Figure 4: Particle distribution in energy-time phase space

after bunch compression and transport to the experimental
station.

(=]

Transverse Particle Dynamics

Since bunch lengthening depends quadratically on
beam divergence, reducing the beam divergence
facilitates nltrashort bunch generation. For this reason, the
SURIYA rfgun was therefore designed with a flat
cathode plate and optimised the iris radii to reduce the
radial rf-field effects. PARMELA calculation including
the finite effect of the thermal cathode emittance was
performed to simulate the transverse beam dynamics, The
simulation results reveal that a normalized emittance of
3.8 mm-mrad can be achieved at the rf-gun exit [9]. Some
of the beam parameters from PARMELA and Bcompress
simulations are listed in Table 1.

Table 1: Some parameters for the optimised rfgun,

Parameters Value
Max. beam momentum, cp (MeV) 291
Avg./max. field in half-cell (MV/m}) 23.9/29.9
Avg /max, field in full-cell (MV/m) 45.5/67.6
Cathode emission current (A) 2.9
Charge/bunch (pCb) 54
Peak current (A) 707
Bunch length, rms (fs) 528
€nms at rf-gun exit (mm-mrad) 3.8

FABRICATION AND COLD TESTS

The HC and the FC of the rf-gun have been fabricated
precisely, based on the SUPERFISH results, out of OFE
copper cylindrical blocks, at the Thai-German Institute
(Thailand). The cavities were first machined to resonate at
a slightly different frequency from the target frequency
(2856 MHz) to leave some rooms for fine modification.
Preliminary cold tests of the rf-gun cavities before
brazing have been preformed using Network Analyser at
the Stanford Synchrotron Research Laboratory (SSRL/
SLAC), USA, and at the National Synchrotron Research
Centre (NSRC), Thailand. Cold test results of the rft
cavities ready for brazing show that the f; of the rf-gun is
very close to 2856 MHz at the operating temperature of
45°, The rf-gun was then brazed at the National
Synchrotron Radiation Centre (SSRC), Taiwan, in an O;-
free high temperature furnace.

The rf-cold tests of the rf-gun were performed again
after brazing at SSRL to measure the f; of individual rf-
cells and determine the coupling between the two cells by
adjusting the tuning rod of the coupling cavity while
measuring longitudinal field profile. The measurement is
done by Bead-Pull technique, which is performed by
introducing a 2.36 mm diameter dielectric sphere bead at
each position in the rf-gun. This results in a resonant
frequency shift that reflects directly the longitudinal
electric field magnitude at that location. Fig. 5 illustrates
the consistency between normalized axial longitudinal
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fields from SUPERFISH and the bead-pull measurement.
The ratio of the maximum field amplitude in the FC to the
HC from SUPERFISH calculation and Bead-Puil
measurement is 2.186 and 2.067, respectively.
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Figure 5: Longitudinal electric field distribution on axial
axis from SUPERFISH and Bead-Pull measurement.

The coupled-cell resonant frequency and Q-factor were
measured at the Rajamangala Institute of Technology
(RIT), Thailand. Table 2 shows a comparison of the
predicted rf-parameters obtained from SUPERFISH to
those measured values in the rficold tests.

Table 2: Rf-parameters of the rfgun calculated using
SUPERFISH comparing to the cold test results.

Parameter SUPERFISH | Cold Tests
f HC/FC 2881/2862 2855/2858
Coupled-cell - 2862 2855
-1 Q HC/ FC 15334/12980 -
| factor | Coupled-cell 13037 12979
PRESENT STATUS OF SURIYA

The optimised rf-gun, the a-magnet and the 30 MeV
SLAC type linac including 5 MW S-band klystrons for
the rf-gun and the linac as well as the beam transport line
have been installed and the system is now being
commissioned The picture of SURIYA system is
illustrated in Fig. 6.

Figure 6: Beamline set up at SURIYA project.

At an experimental station, coherent TR radiated at
wavelength longer than the bunch length will be

generated by introducing the Al-foil at 45° with respect to
the electron path. The backward TR emitted at 90° can be
used for bunch length measurements or FIR speciroscopy.
For the electron bunch as short as we expected, the bunch
length measurement by autocorrelation of coherent TR
should be done in vacuum to avoid pulse spacing in the
ambient air [10]. An in-vacuum Michelson interferometer
as shown in Fig. 7 is ready to be installed for the
measurement.

Figure 7: In-vacuum Michelson interferometer set up.
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Abstract

This research aims to produce electron bunches which are shorter than 100 fs. These short bunches
can generate intense coherent FIR radiation in the wavelength range of 10 um to 1000 um. The FIR
radiation which is created from these short electron bunches have higher intensities than black body
radiation and synchrotron radiation. Femto-second electron bunches can be produced by a combination of
a S-band rf-gun with a thermionic cathode and an o-magnet serving as the bunch compressor. The bunch
compression of electrons can be simulated by the particle-in-cell code PARMELA. The optimum
geometry and beam characterizations as a function of the rf-parameters of the rf-gun have been studied.
The simulation results show that an electron bunch length as short as few fs can be expected. Coherent
FIR radiation will be gencrated at the experimental station as the transition radiation, which is the
radiation, emitted when electrons pass through an interface betwsen an Al-foil and vacuum. To achieve
higher intensity of FIR radiation the electron bunches will be accelerated to reach kinetic energies of

about 20-30 MeV.

1 INTRODUCTION

The far infrared (FIR) radiation can be used for basic
and applied research in many fields e.g. material science,
phonon physics, surface physics, metrology standard,
studies of high temperature material, dynamics and
structure of polymer and large biomolecule. However, this
FIR radiation regime is not covered by any source except
blackbody radiation, synchrotron radiation, and FEL’s.
Thus, it is interesting to develop the new source to cover
this spectrum range.

According to the fact that at wavelength much longer
than the bunch length, radiation field add up coherently
and the shorter bunch length provides the broader
spectrum. The coherent radiation from a bunch containing
N electrons proportional to the number of electrons
square and typically the number of electrons up to 108 to
10° provides very high intensity of coherent radiation.
Therefore, to generate the coherent FIR radiation of
wavelength equal or longer than 10 pm, the bunch length
in order of femto-second is required.

The SURIYA facility, which is under way at the Fast
Neutron Research Facility (FNRF), Chiang Mai
University, aims to generate femto-second electron pulses
which have the bunch length shorter than 100 fs. As the
result of this short bunch, it can be used to produce
coherent, polarized FIR radiation in the wavelength range
of about 10-1000 pm with the intensity much higher than

the convontional sources. The source under construction
at the SURIYA facility is a nove! development from the
SUNSHINE facility at Stanford University which electron
bunches as short as 100 fs (rms) with the microbunch
intensities of the order of 100 pC can be produced [1-4].

2 GENERATION OF FEMTO-SECOND
ELECTRON BUNCHES

Femto-second electron bunches can be generated by the
combination of an rf-gun with thermionic cathode as the
electron source and a magnetic bunch compressor in the
form of o-magnet. Following the o-magnet is a linear
accelerator, which accelerates electron beam to achieve
higher energy as the result of more confine of electron
beam. A* the experimental station of SURIYA facility
coherent FIR radiation will be produced first as the
transition radiation. A schematic outline of the proposed
SURIYA facility planed at the FNRFT is shown in Fig.1.

2.1 Electron Source

The electron source consists mainly of a 1-1/2 S-band
rf-cavity with a side coupling cavity, which are fed by a
2856 MHz rf-input from klystron. The thermionic cathode
is attached to one wall of the first half-cell, exposing
emerging electrons to a high accelerating rf-

’ Proceedings of the Internatienal Workshop on Particle Beam & Plasma Interaction on Materials, Chiang Mai, Thailand, 2002

L



quadrupole

expetimental station

TR1

Figure 1: Layout of the proposed FIR radiation source
(SURIYA) at the FNRF, Chiang Mai University.

field. Electrons emerge from the cathode travel pass
through the first half-cell and then the full-cell, which the
field in the half-cell is about one half of the full-cell.
Theelectron beam reaches a kinetic energy of about 2-3
MeV for typical accelerating fields. In this paper the
discussion will be concentrate on the numerical simulation
design including of specific feature to optimize the ability
to produce femto-second electron bunches, the
fabrication, and the rf-measurement of the rf-gun. The
cross section and 3D-view of the rf-gun is shown in Fig.2.

half  full eetl

Figure 2: Cross section and 3D-view of the rf-gun.
2.2 Magnetic Bunch Compressor

Following the rf-gun is an o-magnet serving as the
bunch compressor. The c-magnet has the shape of the
half-quadrupole with the poles and a mitror plate to
terminate the field across the vertical midplane. The
electron beam exits the rf-gun and enters the o-magnet in
the xy-plane at an angle of 49.30° with respect to the
magnet axis or yz-plane as indicated in Fig.3 and exits at

PIREER

alpha magnet

b I enoigy filter

e-beam

Figure 3: Layout of the rf-gun and the c-magnet.

the same of the entrance point. The path length (S) of the
particle in the o-magnet is the closed loop similar to the
alphabet o and depends on the particle momentum (cp)
and magnetic gradient (g) follows the relation S=[cp/g]"*.
Consequently, lower momentum particles follow shorter

path than the higher one. This feature makes the ¢-magnet
a convenient and simple magnetic bunch compressor, We
may change only the magnetic gradient to change the
compression without changing the direction of the beam
path outside theo- magnet,

3 GENERATION OF FIR RADIATION

Coherent FIR radiation will be generated at the
experimental station as the transition radiation (TR) which
is emitted when electron pass through an interface
between two media with different dielectric constant. In
our case, we shall use an Al-foil for the radiator, which
represents as the transition between vacuum and metal.
Placing the foil by 45° with respect to the electron path
deflects the backward TR emitted at 90° with respect to
the beam exits through a polyethylene window into open
air as indicated in Fig.4. This polarized coherent FIR
radiation will be measure with the Michealson

Interferometer and a room temperature bolometer.
radiator
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Figure 4: Transition radiation at the experimental station.

In principle, coherent FIR radiation can be generated
from the electron short bunch after the compression.
However, transition radiation has maximum intensity at
angle {0) equal one over gamma (Y) [Bna=1/7].

For 20 MeV electron beam, 6, is equal 1.4°, which is
more confine than that from 2.5 MeV electron bunch with
Omax IS equal 11.5°, Thus, adding of 20 MeV linac, which
accelerates electrons to reach kinetic energies of about 20-
3- MeV, after compression is a reasonable way to
generate the more confine beam of FIR radiation at the
experimental station.

4 NUMERICAL SIMULATIONS
TO OPTIMIZE RF-GUN

The main purpose of the rf-gun design is to optimize
the rf-gun geometric shape and the rf-parameters, i.e.
resonant frequency and field ratic of the electric field
inside the half-cell and the full-cell, for the ability to
produce femto-second electron bunches.

The dynamics of the particles inside the rf~gun is very
complicate because the field in each cell is time-varying
field. So it is important to use computer code to calculate
and simulate the particle dynamics through the field. In
our study, we use two programs together to simulate and
optimize the rf-gun. Both codes developed by the Los

6



Alamos National Laboratory (LANL). The first code is
SUPERFISH, which calculates EM field by solves
Maxwell’s equation in certain boundary conditions of the
rf-cavity. Another code is the particle-in-cell code
PARMELA which tracks particles through the field
obtained by the SUPERFISH. PARMELA can calculate
including of the space charge effect and shows the results
in both longitudinal and transverse particle distributions.
In our numerical simulation, we assumed that the
thermionic cathode of the rf-gun produces a uniform
stream of particles. The particles will emerge from the
cathode and enter the rf-cavity while the electric field
becomes accelerating phase. The first particle with the
maximum kinetic energy feels a very small field at the
beginning, which will increase as this particle travels
through the cavities. Particles, which emerge from the
cathode later, feel immediately a higher field and gain
speed more quickly. Some of them are closely catch up
with the first particle. The rest of the particles, which
emerge too late from the cathode, feel the non-
accelerating field inside the cavities and some of them
may turn back to the cathode causing of the
backbombardment effect. BY this dynamics, there is a
very concentration of particles in the head of the bunch,
consequently generating a small correlated particle
distribution between energy and time as shown in Fig.5,
The concentration of 10 % of high-energy particles at the
head of the bunch appears in the length wi some 10-20 ps.
cp(MeV)
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Figure 5: Particle distribution in energy-time phase space
at the rf-gun and the alpha-magnet exit.

The concave shape of the particle distribution at the rf-
gun exit matches well to bunch compression in the o-
magnet, This particle distribution will rotate clockwise as
the beam travels through the o-magnet because lower
momentum particles follow shorter path and catch up the
higher one leading to bunch compression. Because after
the alpha-magnet there are 20 MeV linac and some beam
transport line and the effect of the finite velocity
dispersion, the value of the o-magnet gradient must be
chosen such to generate the shortest bunches at the
experimental station. Therefore, some overcompression of
the particle distribution at the a-magnet exit is required
{as shown in Fig.5).

The particle distribution after bunch compression and
acceleration with respect to the initial kinetic energies {at
the rf-gun exit) at the experimental station indicated in
Fig.7. It represents the expected bunch length about 34 {5
in time or 10pm (rms), which is much shorter than the
initial distribution at the rf-gun exit.
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Figure 6: Particle distribution in energy-time phase space
at the experimental station.
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Figure 7: Radiation brightness (B) vs. wave number (k) of
FIR spectrum.

The radiation brightness (B) vs. wave number (k) of
FIR spectrum shows that the femto-second electron
bunches can provide broad band radiation in FIR regime
with intensity much higher than black body radiation and
synchrotron radiation and shorter bunch provide broader
spectrum. Comparison of the electron bunch length about
100 fs (30 um) of the SUNSHINE source and the
expected bunch length about 30 f5 (10um) of the
SURIYA source also indicated in the figure. It shows that
the shorter bunch of about a factor of three of the
SURIYA bunch provides the three times of broader
spectrum than the SUNSHINE bunch,

5 FABRICATION AND RF-
MEASUREMENT OF RF-GUN

All major parts of the optimum rf-gun base on the
numerical simulations have been designed and machined
in Thailand. The assembly drawing ant the machined parts
of the rf-gun are shown in Fig.8.

The coupling cavity between the half-cell and the full-
cell was not included in the simulations because the
SUPERFISH is 2D code. Thus, we have to design and
machine the first fabrication of the rf-gun in case that we
can adjust the geometric shape later. From this limitation,
it is important to do ri-measurement and fine tuning of the
rf-gun geometric shape several times to obtain the rf-



parameters close to the expectation values. The rf-
measurement set up is shown in Fig.9.

Figure 8: Assembly drawing ant the machined parts of the
rf-gun.

components to accelerate an electron beam. The linac
including of its sub-system has been installed. The rf-gun,
the o-magnet, and the linac at the SURIYA facility shown
in Fig.11.

Figure 9: Rf-measurement set up with the network
analyzer.

Results of the final rf-measurement before brazing
show that the resonant frequensy of the rf-gun is about
2856 MHz at the operating temperature (45°). In addition,
the bead-pull measurement has been done to adjust the
ratio of the field inside the half-cell and the full-cell. As
the results, the ratio of those fields is 2:1 (Fig.10) which is
exactly the same as the expected value from the
simulations.
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Figure 10: Field ratio of the field inside the half-cell and
the full-cell.

6 STATUS OF SURIYA PROJECT

Presently, the rf-gun has finished the rf-measurement
and under the process of the brazing. This rf-gun will be
installed during year 2002. A 2856 MHz klystron and
modulator is under installation as the rf-source for this rf-
gun.

Computer design bases on the rf-gun requirement and
construction of the o-magnet have been completed.
Presently, it is under the experiment of the high-current
testing. The full system of this o-magnet will be
completed at the early of year 2002,

The FNRF has obtained a 20 MeV s-band linac from
the Chiang Mai Hospital. This system includes all related

Figure 11: Rf-gun, o-magnet, and linac at SURIYA.

7 ACKNOWLEDGEMENTS

This work has been supported by the Thailand
Research Fund, the Royal Golden Jubilee Scholarship,
and under collaboration with Stanford University, USA.

REFERENCES

[1] H. Wiedemann et. al, " Femto-Second Electron Pulses
fro;n a Linear Accelerator”, J. Nucl. Mat, 248 (1997)
374.

[2] P. Kung et al. "Generation and Measurement of 50 fs{rms)
Electron Pulses”, Phys. Rev. Lett. 73 (1994) 967.

[3] C. Settakom et.al.,"Coherent Far-Infrared Radiation From
Electron Bunches", Proc. of the First Asian Particle
Accelerator Conference (APACS8) Tsukuba, Japan, 1998

[4] C. Settakom, “Generation and Use of Coherent Transition
Radiation from Short Electron Bunches”, PhD Thesis,
Stanford University, 2001

(5] L.M. Young and J.H. Billen, "Technical Report No. LA-
UR -96-1835: PARMELA", Los Alamos National
Laboratory

[6] T. Vilaithong et. Al, " SURIYA, a Source of Femto-
Second Electron and Photon Pulses ",Proc. of the Second
Asian Particle Accelerator Conference (APACO1) Beijing,
China, 2001

[7]1 S. Rimjaem et. al., " An RF-Gun Optimized for Femto-
Second Electron Bunches ",Proc. of the Second Asian
ngm;cle Accelerator Conference (APACO1) Beijing, China,
20

{8] S. Rimjaem, R. Farias, C. Settakorn, T. Vilaithong, H,
Wiedemann, "Femto-Second Electron Bunches from an Rf-
Gun", (submitted to Phys. Rev. ST-AB)

[%]1 M. Borland, "A High-Brightness Thermionic Microwave
Electron Gun", Ph.D. Thesis, Stanford University 1991,



Proceedings of the Second Asian Particle Accelerator Conference, Beijing, China, 2001

SURIYA, A SOURCE OF FEMTO-SECOND ELECTRON
AND PHOTON PULSES

T. Vilaithong, N. Chirapatpimol, M.W. Rhodes, C. Settakorn, S. Rimjaem, J. Saisut,
P. Wichaisirimongkol, Fast Neutron Research Facility (FNRF), Chiang Mai University, Thailand,
H. Wiedemann, Applied Physics and SSRL, Stanford University, USA

Abstract

A new facility, SURIYA, is being constructed at the
Fast Neutron Research Facility (FNRF), Chiang Mai
University (Thailand), to generate femto-second electron
bunches. These bunches can be used either directly, or to
create coherent far infrared radiation or femto-second X-
ray pulses. A 20 MeV linear accelerator has been
installed and is presently equipped with a conventional
electron source. A newly designed rf-gun is under rf-
testing and is expected to be installed in 2002. Layout
and status of the SURIYA project will be presented.

1 INTRODUCTION

Construction and installation is underway at the Fast
Neutron Research Facility, Chiang Mai University, of the
SURIYA facility to produce intense, coherent, polarized
far infra-red radiation in the wavelength range from 50
um to a few 1000 pm. This source will provide high
intensity, broad band radiation in this wavelength regime
far in excess to that available from black body radiators
or synchrotron light sources. In Fig. 1 the expected
radiation brightness of coherent transition radiation
(CTR) from a 30 pm (rms) electron bunch is compared
with that available from a synchrotron light source (SR)
and a black body radiator.
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Figure 1: Radiation brightness B(ph/s/mm?/100%BW)
vs. wave number for CTR, SR and black body radiation.

Because the radiation is broadband and comes in ultra-
short pulses (< 100 f-sec, rms), this source also provides
characteristics, which are not available from FEL’s in
this wavelength regime. This radiation can be used for

£y

basic and applied research in many fields including
material science, studies of high-Tc materials, polymer
dynamics and structure, biological molecules, phonon
and surface physics, metrology standards etc [1,2,3]. A
1994 report by a subcommittee of the American
Academy of Science suggests that a "compelling" reason
for the establishment of a new national facility to
produce radiation can be made only for the wavelength
range from 10 pm to 1000 pm [4].

‘The source under construction at the FNRF is similar
to that at the SUNSHINE facility at Stanford University
[5-8] producing coherent FIR radiation with intensities
far exceeding those from black body radiators. At
SUNSHINE, electron bunches as short as 120 f-sec (rms)
are produced routinely at microbunch intensities of the
order of 100 pC [8]. Such high intensities together with
coherence and ultrashort pulse lengths provide new
research opportunities, which cannot be pursued with
conventional sources. In addition to the research
potential of such a source, its components provide a
broad training ground for the education and training of
graduate stadents toward master and Ph.D. theses. This is
due to the application of many basic physical principles
from a variety of fields like mechanics, optics,
electronics, component controls, data acquisition, ultre
high vacuum technology, magnetics, beam dynamics, and
computer simulation.

Specificaily, studies can be expanded into radiation
production in the form of undulator-, transition-,
stimulated transition-, Cherenkov-, Smith-Purcell or
diffraction radiation. If desired, a Free Electron Lasers,
or a single pass FEL can be added in this wavelength
range. By head-on collision of a laser beam with the
electron beam ultrashort, quasi- monochromatic soft or
hard x-ray pulses can be produced by the process of
Thompson backscattering. Through the interaction of the
electron beam with crystals ulira short pulses of x-rays
can be generated as channelling radiation, as parametric
X-rays or resonant transition radiation to name just a few,
The research and educational potential associated with
such a source fits well the objectives of the Fast Neutron
Research Facility at Chiang Mai University.

2 METHOD TO PRODUCE FEMTO
SECOND ELECTRON BUNCHES
The particular design of the rf-gun (Fig. 2) exhibits a

small correlated particle distribution in phase space as
derived from numerical PARMELA [9] simulations and
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shown in Fig, 3 with most of the particles concentrated in
the first 10 psec. A more detailed discussion of the rf- ~gun
design is given in another contribution to this conference
[10]. The thin phase space distribution allows for
efficient bunch compression in an o-magnet (Fig. 2). An
energy filter within the o-magnet allows to select the
usefial part of the beam.
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Figure 2: Rf-gun (left) and c-magnet with energy filter
(right) [5].
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* Figure 3: Particle distribution (PARMELA) in energy-
time phase space at the rf-gun exit with histogram [11].

High-energy particles, emerging first from the rf-gun
will travel a longer path through the o-magnet than lower
energy particles;” thus leading to bunch compression,
After further acceleration in a linac the beam is guided to
the experimental stations.
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Figure 4: Particle distribution at the experimental station
after optimum compression (PARMELA simulation)[1 1].

From this electron source we expect to obtain bunches
as short as 34 fs or 10 um (rms), which is shorter by at
least a factor of 3 compared to the SUNSHINE source
[6,12]. As a consequence, the coherent far infrared
spectrum available is extended by a factor x3 and thereby
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covers the wavelength regime from about 30 um to
severaI mm, or in terms of wave numbers from 10 to 300
cm’! and beyond as shown in Fig. 5.
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Figure 5: Expected coherent radiation spectrum from the

new rf-gun,
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3 INSTALLATION STATUS OF SURIYA

The FNRF has obtained a 20 MeV RF linear
accelerator from the Chiang Mai Hospital. This system
includes all related components to accelerate an electron
beam. The installation of the linac including all of its
sub-systems and conventional electron source has been
completed (Fig. 6). All features related to medical-
radiation therapy treatment and not used at SURIYA
have been removed. The control electronics has been
fully updated to remove therapy related interlocks and
replace them with a system guided by research
requirements,

Figure 6: Rf-linac installed at the SURIYA proiect.

At the SURIYA project laboratory, all persommel and
machine protection systems have been installed and
tested. An international standard security and safety
protocol has been incorporated into the operation of the
machine, which includes access door interlocks and panic
buttons for automatic beam shut-off in case of personnel
access to a restricted area. Beam-on warning lights, high
voltage signs and audible sirens are implemented and
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appropriate locations to notify of machine operating
status and radiation hazards. Operator and user training
programs are being developed for operational and
radiation safety.

In a collaboration with Stanford/SLAC (USA) and
LNLS (Brazil) a new rf-gun has been developed [10,11]
through numerical studies with PARMELA [10]. This
new gun has been optimized for most efficient bunch
compression reaching bunch lengths of 34 fs or 10um
(rms), which is three time shorter than those obtained at
the SUNSHINE facility. All major parts of the newly
designed rf-gun have been machined in Thailand and are
presently under rf~evaluation and fine-tuning. This rf-gun
will be installed in 2002. A second klystron and
modulator is ready for installation as the rf-source for the
rf-gun.

Design of an o-magnet can be separated into two main
parts: poles and coils design. To match rf-pun
requirements, the o-magnet is designed for a maximum
ficld gradient of 450 G/cm. Computer designs of o-
magnet and coil have been completed (Fig. 7) and are

under construction, We plan to complete the full system
of the c-magnet by the end of 2001,

ey ]

Fig;re 7: Assembly drawing and coils of the o-magnet

The whole facility is installed in a below ground well
shielded enclosure which became available from an
earlier neutron beam activity. The final floor plan of the
SURIYA facility is shown in Fig. 8 with rf-gun, o-
magnet, 20 MeV linac, beam line, radiation station and
beam dump.
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Figure 8. Floor plan of the SURIYA facility with accelerator, experimental stations, equipment and control area and
space for future expansion to add, for example, a FEL undulator.
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RF-GUN OPTIMIZATION FOR FEMTO-SECOND ELECTRON BUN CHES
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Abstract

The aim of this study is to optimize and construct an rf-
gun to be a source of femto-second electron bunches to
produce coherent far infrared (FIR) radiation or femto~
second x-ray pulses. To produce ultra-short bunches we
use an ri-gun with a magnetic bunch compression in the
form of o-magnet. In this study we concentrate on the
specific optimization of an rf-gun to produce femto-
second electron bunches. The optimum geometric and
electric rf-gun specifications have been investigated
through numerical simulation with the particle-in-cell
code PARMELA. The numerical simulation show that the
electron bunches from this optimum rf-gun as short as a
few fs mns can be expected.

1 INTRODUCTION

This study is patt of the research and development for the
project SURIYA which is presently under consiruction at
the Fast Neutron Research Facility (FNRF) at the Chiang
Mai University, Thailand. SURIYA is a facility that has
the purpose to produce intense, coherent, polarized FIR
radiation in the wavelength range of 10 pm to 1000 ptm or
femto-second x-ray pulses to be used for basic and
applied research. An electron source and a beam transport
system under construction at the SURIYA is similar to
SUNSHINE facility at Stanford University [1,2,3], which
can produce electron pulses as short as 100 fs rms.
SURIYA will consist mainly of an rfgun with a
thermionic cathode, an a-magnet for bunch compression,
post linear accelerator (linac) to accelerate electron beam
to 25-30 MeV, and beamlines guiding the electron beam
to experimental stations where intense FIR or femto-
second X-ray pulses are generated. The details about the
SURIYA project are discussed in another contribution to
this conference [4]. A schematic outline of the SURIYA
facility planed at the FNRF is shown in Fig. 1.

fquadrupola magnet

experimental station alpha magnet

TR1
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Figure I: Layout of the proposed SURIYA source at
FNRF, Chiang Mai University.
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2 RF-GUN CHARACTERISTICS AND
NUMERICAL SIMULATIONS

2.1 General Characteristics of Rf-Gun

A microwave or rf-gun is an electron source consisting of
a cathode serving as an electron emitter, which emits
electrons into the rf- fields inside a metal-walled cavity.
Depending on the type of the cathode we distinguish
between a thermionic cathode and a photocathode rf-gun,
In our electron source, we use a thermionic cathode,
which produces an electron beam by thermal emission of
electrons from a material with a low workfunction [5].
The main advantages of an rf-gun are the higher current,
lower emittance, and higher momentum electron beams
compared to a conventional DC-gun, In addition, the rf-
gun with thermionic cathode exhibits essential features for
efficient bunch compression. First, high acceleration to
near refativistic energy (2-3 MeV) within a short distance
allow space charge effects little time to dilute the beam
emiftance. Second, the momentum-time phase space of
the particle distribution is very well suited for a simple
and efficient bunch compression in an c-magnet. Finally,
the particle flux obtainable from a thermionic cathode can
be increased to values at which space charge effects
cannot be controlled anymore.

The rf-gun consists of one and a half standing wave
structure rf-cavities with a thermionic cathode attached to
the wall of the half-cell. All rf-cavity cells operate at 2856
MHz and are encrgized by a klystron through an rf-input
rectangular waveguide port in the full-cell. The half-cell is
coupled to the full cell by an external-coupling cavity as
shown in Fig. 2.
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Figure 2: Cross section and 3D-view of the rf-gun [6].

The half-cell, full-cell, and side-coupling cavity, allow
for three possible structure modes and operate in the /2
mode. That means, there is a phase-shift of 90° between
the first half-cell and the side-coupling cell, and between
the side coupling cell and the full-cell. Thus the rf-fields
are 180° out of phase between the half- and full-cell.
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Electrons emerge from the cathode with thermal
velocities, then travel through the half and firll cell during
the accelerating phase. The electron beam reaches a
kinetic energy of about 2-3 MeV at the gun exit

2.2 Numerical Simulations

The electron dynamics inside the rfgun is very
complicated and must take space charge effects into
account. Therefore, it is necessary to use a numerical
computer program to simulate the details of the gun
operation and evaluated the optimum geometric and
electric rf-gun parameters.

In this study we use mainly PARMELA and
SUPERFISH to simulate and optimize the specific
parameters of the rfgun. SUPERFISH is a well-
established code from Los Alamos National Laboratory
(LANL) that calculates the frequency and the
clectromagnetic field distribution for TM modes for
resonant cavities in two dimensions. This code lets us to
simulate rf-cavity shapes to the desired frequency.
PARMELA is a particle-in-cell code, also developed by
LANL, which can track many particles through the fields
obtained from SUPERFISH. PARMELA' s results show
both longitudinal and transverse particle phase space
distributions at selected points along the beam line. This
code includes space charge effects. In PARMELA
simulations, we assume that the cathode emits a uniform
stream of macroparticles comprising a cathode current of
3.4 A composed of 50,000 macroparticles per 2856 MHz
tf-period. Therefore, the cathode emits 1428
macroparticles per ps, and each macroparticle simulates
1.48 x 10° electrons.

3 RF-GUN OPTIMIZATION

3.1 Longitudinal Particle Distributions

Electrons emerge from the cathode during the rf-period
phase from 180°-540°, During the accelerating half wave
of the ri-fields these electrons gain almost relativistic
energies in a very short distance. For the optimum field,
the particles emerging from the cathode as the field turns
accelerating reach the exit of the half-cell just when the
field becomes decelerating again. Particles emerging from
the cathode later will see some decelerating field at the
exit of the half-cell and therefore gain less energy. The rf-
fields inside the second rf-cell continue to accelerate the
electrons to travel through the second ri-cell during the
accelerating phase reaching velocities near the velocity of
light (v = 0.98 c). By this dynamics the phase space
distribution of the beam at the rf-gun exit is shown in
Fig.3 for cach 2856 MHz cycle.

We observe a thin monotonic distribution of particles
and the histogram tells us that most particles are
concentrated in the head of the bunch. It is this thin
distribution that allows efficient bunch compression.
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Figure 3: Momentum-time phase space distribution at the
rf-gun exit with histogram.

As long as the rf power from the klystron is supplied
to the rf-gun, this cycle is repeated every rf-period,
resulting in a train of bunches separated by 350 ps at the
2856 MHz rf-period.

3.2 RF-Gun Fields and Ideal Phase Space
Distribution

A critical parameter determining the limiting bunch is the
eleciric accelerating field in the half-cell. The particle
phase space distribution at the gun-exit shows a varying
curvature for different electric fields as shown in Fig. 4.
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Figure 4: Energy-time phase space distributions for
different accelerating fields in the ri-gun [6].

At very high fields, particles reach almost the same
fields during a finite time interval in each bunch. Such a
distribution cannot be compressed for lack of a monotonic
energy-time correlation. The required monotonic energy-
time variation of the particle distribution appears only for
lower electric fields. Knowing the bunch compression
system and the beam line to be used we may calculate an
ideal phase space distribution that would result in a zero
bunch length at a selected point downstream in the beam
line.
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Figure 5: Ideal and actual phase space distribution at the
rf-gun [6].
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Such an ideal distribution is shown in Fig. 5 and we
may adjust now the electric field in the rf-gun cells such
that the actual particle distribution matches the ideal
distribution. This is possible at least over the range of 10-
20 ps where most of the particles are concentrated
anyway.

3.3 Bunch Compression

To produce femto-second electron bunches we use an ¢-
magnet [7]. The o-magnet has the shape of half a
quadrupole magnet with two poles and a mirror plate to
terminate the field across the vertical midplane (yz-plane).
The electron beam enters an ¢-magnet in the xz-plane at
an angle of 49.3° with respect to the magnet axis. Particles
travel along a closed loop similar to the letter o inside the
o-magnet and exit again exactly at the entrance point but
at a different angle (as indicated in the Fig. 6).
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Figure 6: rf-gun and o-magnet layout,

The path length of the particle trajectory in the o-
magnet depends on the particle momentum and magnetic
field gradient scaling like s = (cp/g)'? [5). For a
relativistic electron beam the effect of velocity dispersion
is very small compared to the path length dispersion,
Therefore, by adjusting the gradient of the c-magnet the
bunch compression can be optimized. Since we perform
experiments downstream from the o-magnet we must
adjust the compression such that the shortest bunch length
is obtained there and not at the o-magnet exit.
Consequently, we overcompress the bunches such that
lower energy particles exit o-magnet first followed by
higher energy particles. While the particles travel through
the beam transport line including linac, higher energy and
faster particles will catch up with slower particles forming
the shortest bunch at the experimental station.

The momentum-time phase space distribution after
bunch compression and acceleration with respect to the
initial distribution at the rf-gun exit (Fig. 3) is shown in
Fig. 7 (left). It shows an extremely short spike of only
about 2.8 fs-rms on top of a broader base of some 34 fs-
rms. While it would be interesting to contemplate 2.8 fs
bunches, at this time we cannot offer an efficient way to
preserve such a short bunch length and we must therefore
ignore this spike for the time being, However, the length
of the base at 34 fs-rms together with a charge of 0.1 nC
constitutes a peak current of 3 kA and is about three times
shorter than the bunch lengths obtained at the SUNSHINE
facility which can produce electron pulses as short as 100
fs rms (Fig. 7 right).
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Figure 7: Momentum-time phase space distribution after
bunch compression and acceleration with histogram of
SURIYA (left) and SUNSHINE (right).

3.4 Transverse Particle Distributions

Ulira short bunches can be diluted again along the
beam transport line by excessive focusing of beam
divergence. This effect limits the bunches at SUNSHINE
to about 100 fs-rms. The SURIYA rf-gun has been
designed for much smaller beam divergence compared to
the SUNSHINE gun as shown in Fig.8. Bunch
lengthening due to a quadratic effect and is greatly
reduced for the SURIY A rf-gun with only about 1 mrad of
divergence beam [6].

Figure 8: Transverse phase space distributions show 10
mrad divergence beam at the SUNSHINE gun-exit (left)
and lmrad divergence beam at the SURIYA gun-exit
(right).
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