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Abstract

The Stockholm-Uppsala FEL center is currently studying the user interest in terahertz radiation in the
Mälaren region and considering the possibility of building a terahertz free-electron laser (THz FEL) in
the FREIA laboratory. In this memo we present the design of an electron superconducting RF linear
accelerator required to drive a superradiant THz source.
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1 Electron Gun Technology

The RF linac shall produce a CW train of 15 MeV electron bunches with a minimum charge of
300 pC and 100 fs rms duration at a repetition rate of 100 kHz with a normalized rms transverse
emittance of 10 µm. In addition to the requirements of ultra-short duration and relatively low
energy, bunches should also have an rms energy spread of less than 5 %. Keeping in mind that
the electron RF linac shall be compact and cost affordable, the electron gun is the most critical
component of the linac. Before discussing technical details of the proposed gun for our linac, let
us take a brief look at other types of guns. Electron guns can be put into three major categories:

❼ DC or RF

❼ warm or cold

❼ photocathode or thermionic cathode

A DC gun with a photocathode can fulfill our requirements and it is used at Jefferson Lab
and Darsbery Lab. However, during the workshop Yuri Saveliev from Darsbery Lab discouraged
us from using this type of gun because of stiff vacuum requirements and issues associated with
backward ion bombardment leading to photocathode degradation. Therefore, a DC gun with a
photocathode is not an optimal combination. On the other hand, a DC gun can also operate
reliably with a thermionic cathode as was demonstrated at SACLA FEL (Japan). SACLA’s gun
operates at a low repetition rate but it can in principle be modified to operate at a high repetition
rate as well.

A superconducting (SC) RF gun with a photocathode can produce electron bunches with the
highest possible brightness and very small energy spread and emittance. It is compatible with a
high accelerating gradient and has moderate requirements for RF power. However, this technology
does not seem to be well-established. For instance, R&D at ELBE took 15 years and the gun does
not operate at the nominal parameters yet. Furthermore, one FTE (0.5 FTE laser person and
0.5 FTE cryogenic person or highly-skilled technicians) is required to operate the gun. At BNL
the R&D took 13 years and recently they launched their energy recovery linac and the gun works
very well. The American company X said that a complete 1 kHz SC RF gun for our project will
cost around 2 M✩, while for the case of 100 kHz gun they could not provide an answer.

Noteworthy that despite the excellent performance of the BNL’s gun, the NGLS project does
not adopt their design but instead they designed and fabricated a normal conducting low-frequency
RF gun with a photocathode. The main argument was that the normal conducting gun would
be more robust and easier in operation. Elimination of a photocathode from an RF linac design
would further reduce costs and make it even easier to operate. The crucial component for such
realization is high-voltage ps pulsers. Just a couple of years ago such pulsers were introduced by
FID GmbH. To the best of our knowledge, FID GmbH is an exclusive producer of this kind pulsers
(U.S. patent 6087871). FID GmbH confirmed that they could make a pulser compatible with our
design. Using the fast pulser, one can use a thermionic cathode and gated electron beam with
a pulser. We are not unique in this idea, the idea was put forward in 2010 by T. Shintake from
SACLA facility (Japan) and picked up at the Argonne laboratory (USA) by Kwang-Je-Kim and
his co-workers. The results are very promising but as V.G. learned from private communications
by Kwang-Je-Kim, the gun development at Argonne was not funded. Nevertheless, Kwang-Je-Kim
was optimistic concerning future of such a gun.
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At present time, there are three types of thermionic electron guns employed by RF linac-based
FELs. One of them is the RF gun with a thermionic cathode that uses the effect of Schottky
emission. This type of gun was proposed by Westenskow and Madey [1] and demonstrated at the
Mark III FEL [2]. The thermionic cathode is installed into an RF cavity and RF fields are present
on the cathode surface. The cathode is heated by a DC current and a constant electron current
emission occurs. However, the emission caused by the heat effect is modified by the Schottky
effects because of the RF fields on the cathode surface. As a result, the electron emission varies
during the RF period. Bunching of electrons is done by the RF field so that the repetition rate is
equal to the RF frequency. Practically, this means that a minimum repetition rate is several tens
of MHz. In addition, in such guns the destruction and strong heating of the cathode occurs due
to the backward bombarding by electrons [3, 4].

To the second type of thermionic guns, we can attribute a high voltage DC or an RF gun with
a grid driven by a low voltage pulser. For instance, a 300 kV DC gridded gun controlled by a 100 V
1.2 ns pulser with 11.3 MHz repetition rate is used in the RF linac of the Novosibirsk THz FEL
[5]. The disadvantage of a gridded gun is a large initial transverse emittance of a beam caused
by electrons scattered on grid cells. For instance, the normalized transverse emittance of the gun
used at the Novosibirsk THz FEL [5] is about 20 mm·mrad. RF gridded guns are also employed
at FELIX and FLARE FELs and have approximately the same emittance as the Novosibirsk FEL
gun.

The third type of thermionic guns is a few hundred kV pulsed diode guns generating a micro-
second duration beam, from which then a bunch with nanosecond duration is cut by a HV short
pulsed chopper [6]. Such a gun was designed for the SPring-8 Compact SASE Source project [7].
The chief disadvantage of this gun is a low repetition rate of a few tens of Hz.

Recently in several science communications [8, 9, 10], an alternative idea to the traditional RF
guns with thermionic or photocathodes has been considered for the XFEL-O injector [11]. Namely,
a DC gun or an RF cavity with a pulsed gate electrode located close to the cathode. The gate
electrode has a single on-axis, 1-mm-diameter circular opening that allows the electron beam to
be injected through on the flattop of a waveform of a ns duration pulse generated by a fast pulser.
The gate is normally held at a small retarding voltage relative the cathode to suppress the dark
current. However, technical details how this idea can be realized are not discussed in available
publications. Therefore, we propose a specific realization how to generate short electron bunches
using a HV fast pulser as well as a special technique of heating the cathode. The proposed gun
utilizes a normal conducting 117 MHz resonant cavity with an acceleration gradient of 20 MV/m.
In order to achieve a low-emittance of 1 µm, the grid is eliminated and electrons are injected into
the gun cavity through a small aperture in the cavity wall, see Fig. 1.1. The thermionic cathode is
located in the inner conductor of a stripline attached to the cavity walls. The cathode is isolated
from RF fields of the gun cavity and the initial electrons acceleration is determined by RF fields
fed into the stripline from a fast pulser, for example an FDS Series Pulser Generator of FID
GmbH [12]. 10 kV pulses with ps rise time and up to 3 ns pulse width at 100 kHz repetition rate
can be generated. The stripline is a two-conductor transmission line and allows dispersion-free
propagation of TEM-mode short EM pulses. Dark currents are suppressed by biasing. The gun is
compatible with magnetic fields for emittance compensation and thermionic cathodes are capable
of long-term stable operation as was demonstrated at SACLA (Japan). The cathode is heated by
another simple electron gun from the side opposite to the RF cavity.
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Figure 1.1: Thermionic RF gun with the pulsed gate electrode in detail.

2 RF Linac Layout

We propose a flexible RF linac layout shown in Fig. 2.1. The choice of this configuration is motiv-
ated by the fact that it allows the realization of all main bunching mechanisms such as the ballistic
bunching [5], the velocity bunching in RF fields [20] and the magnetic bunch compression [21].
The RF linac includes a 117.4 MHz thermionic RF gun with a pulsed gate electrode, a third har-
monic 352.2 MHz energy monochromator cavity to linearize the bunch longitudinal phase space
and a 117.4 MHz bunching cavity to introduce linear energy chirp along bunches. The cavities
are followed by a drift space for ballistic bunching. Bunches are accelerated afterwards in two
SC 704 MHz elliptical cavities. The first cell cavity is a booster and the second 5-cell cavity
accelerates electrons to the required energy. The beam undergoes final compression in a chicane.
A series of 11 short solenoids with the maximum on-axis magnetic field of 1250 G is used to focus
the electron beam.

117.4 MHz operating frequency of the thermionic RF gun is the sixth subharmonic of 704.4 MHz
operating frequency of the SC cavities. The choice of the operating frequency was defined by three
factors, namely, the required beam parameters, the availability of RF sources and well-established
technology of production of an RF cavity at this frequency. The nanosecond range of the initial
bunch duration, ∆t0, is needed in order to get nC bunches from the ampere level thermionic RF
gun with a given cathode emission capability and a required initial emittance. The relative width
of energy spectrum δW/W of a bunch produced by an RF gun depends on a bunch phase length
∆ϕ = 2πf∆t0 as δW/W ≈ 2 sin2(∆ϕ

4
). As a result, the operating frequency of the thermionic RF

gun f = 117.4 MHz is a compromise between the initial width of bunch energy spectrum, which
is about 0.07, and the available well-developed technology of the 100 MHz RF cavity production
developed at the LBNL in the framework of the activities on the next generation RF linac based
light source NGLS [22]. In what follows, we discuss basic elements of the RF linac in detail.
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Figure 2.1: RF Linac layout.

3 Thermionic RF Gun with Pulsed Gate Electrode

In order to produce bunches with a nominal charge, q, of 1 nC at a repetition rate of 100 kHz
with a normalized rms transverse emittance ≤ 10 µm, the thermionic RF gun with a pulsed gate
electrode is proposed and considered in the form shown in Fig. 1.1. A temporal profile of the pulses
from the HV fast pulser is shown in the Fig. 3.1. The gun geometry was discussed earlier and now

10 s 

1 ns÷200 ps,   10÷20 kV 

Figure 3.1: A temporal profile of pulses from HV fast pulser.

we will mainly focus on the operation principle of the proposed RF gun and simulation results.
Thermoemission from the cathode creates an electron cloud in front of it. The inner conductor of
the stripline is biased by a positive DC voltage with respect to the gun cavity wall and electrons
remain near the cathode so there is no electron current in the gun cavity. A HV pulse from the
pulser creates an accelerating field between the inner conductor and the cavity walls and electrons
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are accelerated towards the gun cavity. Then, an RF field of the RF cavity picks up the electrons
and accelerates them up to a few hundred keV. Note that during a HV pulse, the thermoemission
is modified by the Schottky effect.

A material of the thermionic cathode is suggested to be a single crystal CeB6 since this type
of cathodes are successfully utilized at SPring-8 Compact SASE Source (SCSS) [6, 16]. According
to [9, 10], at a temperature of 1773 K, which was proven to be safe for a CeB6 cathode during a
long term run of 2000 hours [17], the cathode gives the emission current density J = 20.5 A/cm2

at 10 MV/m pulsed electric field on the cathode. This value of the current density will be used
in our simulations.

In order to simulate the thermionic RF gun, we used well-known codes such as EGUN,
SUPRFISH and PARMELA [18, 19]. The first step was the simulation of the RF gun in the
electrostatic approximation using the EGUN code. The results of this simulation are shown in
Fig. 3.2. The dimensions are given in internal units of the EGUN code and 1 UNIT = 0.05 mm.

Figure 3.2: The snapshot of the EGIN simulation, which shows the envelope of beam current in
the electrostatic approximation.

The cathode of radius rc = 1 mm gives a beam with current, I, of 0.665 A and rms normalized
emittance ǫn = 0.15µm. In order to reach the required pulsed electric field of 10 MV/m on the
cathode, one needs to apply 17.86 kV to the gated electrode, which is technologically feasible.
In Fig. 3.3 the profiles of the longitudinal electric fields along the gun axis are given at the gated
potential of 17.86 kV and two different anode potentials of 473 and 410 kV, representing the effect
of RF fields in the cavity.

We can see that there is a cross-section, where the electric field reaches minimum. To the left
from this cross-section, the pulsed electric field is dominant and constant during the pulse. To
the right from this cross-section, the accelerating field is determined by the cavity RF field. This
means that the region around the cathode is well shielded from cavity RF fields and the beam
acceleration is completely determined by the electromagnetic (EM) field from the HV pulser. The
beam data calculated with the EGUN code are processed at this cross-section and transferred
into the PARMELA code for further simulation of the beam dynamics in RF fields. Note that a
HV EM pulse in the stripline creates a magnetic field that deflects electron. In order to eliminate
this harmful effect, one needs to feed the stripline from both sides simultaneously such that the
magnetic fields cancel each other.
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Figure 3.3: Profiles of the longitudinal electric field in the thermionic RF gun with the pulsed
gate electrode.

At zero gated potential there is a dark current of around 1 mA due to the penetration of RF
fields from the RF cavity to the stripline through the aperture in the wall. The penetrating RF
field is around 52 kV/m and negligible compared to a 10 MV/m field from the HV pulser. As we
found in simulations, by applying to the cathode the bias voltage of 60 V and higher, the dark
current is completely suppressed.

4 Design of RF Cavities

We use the SUPERFISH code for the design of RF cavities. Note that SUPERFISH allows
only for simulation of axially symmetric structures and for a 3D design we need to use CST
Studio. With the SUPERFISH simulations we aim at obtaining specific for our case shapes of
RF cavities such that simulated 3D maps of EM fields of these cavities will be used to simulate
the beam dynamics. As the second step, we will carry out the optimization of a surface profile
for each cavity configuration in order to minimize the power dissipation in cavity walls and also
to minimize the ratio of Bmax/Emax and Emax/E0 for increasing the RF break-down threshold of
cavities. Here, B an E are the amplitudes of magnetic and electric fields on the cavity surface,
respectively, E0 is the average electric field taken on the cavity symmetry axis. At this stage, we
do not discuss the design of RF couplers.

4.1 Normal Conducting RF Cavities

The axial geometry and electric field distributions of normal conducting (NC) cavities consisting
of the RF gun cavity, the energy monochromator and the buncher are shown in Fig. 4.1. The main
RF parameters of these cavities are summarized in Fig. 4.2. We can see that the total required RF
power at 117.4 MHz is around 40 kW, whereas for the energy monochromator cavity at 352.2 MHz
RF power of 1 kW is sufficient. One tetrode tube TH 535 can provide the required RF power at
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Uppsala THzFEL RFGUN SHORT Cell, 176 MHz  F = 117.39998 MHz                                                               
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Figure 4.1: Geometry and electric field distributions of the NC RF cavities. From left to right:
the RF gun cavity, the energy monochromator cavity, the bunching cavity.

117.4 MHz. An alternative RF source can be a solid state amplifier. At this low power level and
low frequency it should be available off-the-shelf. Otherwise, it can be build at the FREIA lab.

4.2 Superconducting Elliptical Cavities

For the design of SC RF cavities we also employ the SUPERFISH code. The choice of the main
accelerating SC cavity has already been discussed in detail in our previous report [23] and it was
found that the elliptical cavity at 704 MHz is the best trade-off between different requirements.
The main arguments in favour of this cavity are high accelerating gradients compared to spoke
cavities and much smaller wakefields compared to TESLA cavities. The RF power at 704 MHz is
also cheaper than at 1.3 GHz. As a starting point for our cavity design, we used the geometrical
parameters of the elliptical cavity designed for CERN Superconductive Proton Linac by CEA-
SACLAY [24]. After some modifications, we obtained good geometries for single cell and 5-cell
accelerating cavities illustrated in Fig. 4.3. Note the first and the last cells of the 5-cell cavity are
different from the cells located in between.
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Thermionic  

 RF Gun Cavity 

Energy 

Monochromator 

Cavity 

Bunching  

Cavity 

Frequency, MHz  117.39998  352.20087  117.40004 

Beta 0.0286  0.0987  0.0987  

Ez,max ,         MV/m 20 3.0 4.5 

Power dissipation, kW  31.3  0.86 8.0 

Rsh, M/m 161 70 131.3 

Q0 36127.8 23575.7 34609 

Transit-time factor  0.3 0.89 0.89 

r/Q0,   14.8  99.4   127.0   

Wake loss parameter, V/pC  0.003  0.055 0.023 

Bmax/Emax, ,   mT/(MV/m) 0.47 0.87 0.46 

Emax/E0 2.6 3.1 3.1 

Figure 4.2: The main electrodynamic parameters of the designed NC RF cavities.

Figure 4.3: Geometry and electric field distributions of the SC cavities.
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Inner Cell Outer ½ Cell 

BETA 1 1 

DIAMeter, cm 38.3795 38.24953 

DOME_B, cm 8.327 cm 7.75 cm 

DOME_A/B  0.89408 1 

WALL_Angle , degree 9 9 

IRIS_A/B  0.743 0.63 

BORE_radius, cm  6.5 6.46 

Figure 4.4: The main dimensions of the SC elliptical cavities.

The main geometrical dimensions of these elliptical cavities are given in Fig. 4.4 and the
corresponding RF parameters shown in Fig. 4.5. One can see that the peak-to-average ratio for
the SC booster cavity is quite large, so the geometry of this cavity needs to be further optimized.

5 Beam Dynamics in RF Linac

This section presents the beam dynamics simulations performed from the cathode to the end of
the 5-cell elliptical cavity using the EGUN and PARMELA code. A 1 ns 17.85 kV pulse from the
HV fast pulser induces an electric field of 10 MV/m at the cathode resulting in an average electron
current of 0.665 A. As we mentioned earlier 3, the beam dynamics in the stripline is simulated in
the electrostatic approximation using the EGUN code since the gun RF field is shielded and the
EM field in the stripline is determined by the HV pulser. In the gun transverse cross-section, where
the amplitude of the longitudinal electric field achieves its minimum, the data from EGUN are
processed and transferred to the PARMELA code for further simulations of the beam dynamics
in RF fields. The output beam parameters obtained with EGUN are shown in Fig. 5.1. At the
top pictures the transverse phase-spaces are given. Bottom left and right figures present the beam
cross-section and the energy-phase distribution, respectively. Hereinafter all space dimensions and
particle coordinates are given in cm, the transverse divergences x′ = dx/dz and y′ = dy/dz are
shown in mrad, the particles energy with respect to the reference particle’s energy is plotted on
the vertical axis in keV, and the particles phase on the horizontal axis is given in degrees. Thus,
at the entrance aperture of the RF gun cavity, the 665 pC electron bunch with initial duration
∆t0 = 1 ns, corresponding to initial phase length ∆ϕ0 = 42.26 o, has energy W0 = 17.85 kV and
rms normalized emittance ǫn = 0.428µm.
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5Cell Cavity 1 Cell Cavity 

Superconductor temperature Tc, K 9 9 

Residual resistance,  3.2E-09 3.2E-09 

Operating temperature, K 2 2 

Superconductor surface resistance,  8.1E-09 8.1E-09 

Q0 3.1447E+10 2.9445E+10 

Transit-time factor  0.71 0.59 

r/Q0,   566  115 

Wake loss parameter, V/pC 0.3 0.06 

Ratio of peak fields Bmax/Emax , mT/(MV/m) 2.3 2.7 

Peak-to-average ratio Emax/E0 2.2 3.9 

Figure 4.5: The main electrodynamic parameters of the designed SC elliptical cavities.

RF Linac for THz FEL                                                            

element    1 Zpos=     0.000 ngood=  4999 
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Figure 5.1: The beam parameters at the entrance aperture of the RF gun cavity.

11



RF Linac for THz FEL                                                            

element    2 Zpos=     3.650 ngood=  5000 
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Figure 5.2: The beam parameters at the exit of the thermionic RF gun cavity.

In order to reach the symmetrical energy distribution along the bunch, which corresponds
to the minimum energy spread, the bunch is accelerated on-crest. The accelerating gradient of
Ez,max = 20.25 MV/m results in the beam energy of 0.448 MeV as one can see in Fig. 5.2, where
the beam parameters after the thermionic RF gun cavity are shown. From the upper picture we
can see that the beam emittance has increased after acceleration in the RF gun. This occurs due
to the phase-dependent focusing of the RF field [25]. The phase-dependent transverse emittance
as well as the phase-dependent energy spread are correlated and these effects can be compensated
by means of the energy monochromator cavity operating at the 3rd-harmonic of the RF gun. After
the compensation, the average beam energy is 397 keV and the width of the flat part of the energy
distribution is around 0.5 keV (Fig. 5.3).

It should be noted that no efforts made to minimize the transverse emittance since the required
emittance of 10 µm can be quite easily achieved. So, the focusing system was designed with the
purpose of good beam transport and minimum contamination of the SC cavities. To this end,
a series of 11th short solenoids were designed using the POISSON code. One of the solenoids is
demonstrated in the Fig. 5.4, where its magnetic field is depicted.

In order to compress the bunch we will first implement an approach of ballistic bunching as it
enables two orders of magnitude bunch compression without noticeable degradation of the beam
quality. The approach is based on a velocity modulation along the bunch so that the bunch head
is made slower that its tail and the bunch shrinks as it propagates. In other words, the velocity
modulation is converted into a density modulation. The velocity modulation along the bunch,
also called the energy chirp, is created by a buncher cavity, which the bunch traverse at a raising
RF field usually around zero value of the field. The field magnitude required for bunching at
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RF Linac for THz FEL                                                            

element    3 Zpos=     7.850 ngood=  5000 
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Figure 5.3: The beam parameters at the exit of the energy monochromator cavity.

the given drift length and beam energy was initially estimated analytically [26]. The numerical
simulations of the beam parameters at the exit of the buncher and in the cross-section, where
the bunch achieves the maximal longitudinal compression, are shown in Fig. 5.5 and Fig. 5.6,
respectively.

A high accelerating gradient of 20 MeV/m in the SC buster cavity providing an energy gain
of about 4 MeV is applied in order to “freeze” the relative longitudinal phase motion of electrons
and to keep the maximum longitudinal compression. In addition, the phase of the SC booster is
tuned to preserve the longitudinal compression. The beam parameters at exit of the SC buster
obtained after these manipulation are shown in Fig. 5.7. The spectral characteristics of the bunch
are depicted in Fig. 5.7.
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Figure 5.4: The solenoid used in the focusing system of the RF linac.

RF Linac for THz FEL                                                            

element   12 Zpos=    21.000 ngood=  5000 
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Figure 5.5: The beam parameters at the exit of the bunching cavity.
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RF Linac for THz FEL                                                            

element   75 Zpos=   336.000 ngood=  5000 
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Figure 5.6: The beam parameters at the the cross-section of the drift tube, where the bunch
reaches the maximal longitudinal compression.

RF Linac for THz FEL                                                            

element   70 Zpos=   387.280 ngood=  5000 
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Figure 5.7: The beam parameters at exit of the buster.
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RF Linac for THz FEL                                                            

element   70 Zpos=   387.280 ngood=  5000 
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Figure 5.8: The spectral characteristics of the beam at exit of the SC buster.

In the upper left picture of Fig. 5.7, the zoomed-in phase spectrum is shown. One can see that
the full duration at half maximum is about 0.50 that corresponds to 12 ps. In the upper right
picture, the beam cross-section is shown. The energy-phase distribution is given in the bottom
left picture of Fig. 5.8. The energy spectrum is demonstrated in the bottom right picture. The
energy spread is about 2.4 % and the beam energy at the maximum equals about 4.3 MeV.

The SC booster is followed by the 5-cell SC elliptical cavity, where the bunch gains the required
final energy of 15 MeV and the energy chirp for subsequent magnetic compression is introduced
along the bunch. The magnetic compression has not been analyzed yet, so at this stage we simply
simulated the bunch acceleration on-crest in the elliptical cavity with a gradient of 10 MeV. The
spectral characteristics of the bunch accelerated up to about 15 MeV are plotted in the Fig. 5.9.

One can see that the full duration at half maximum of the phase spectrum does not change and
corresponds to 12 ps. This means that the achieved compression factor is about 83. At bottom
right we see the final energy spectrum. The beam has the maximum energy of about 14.9 MeV
with an rms energy spread of about 1.4 % and an rms normalized emittance of 10 µm.

Figure 5.10 shows the evolution of the beam rms normalized emittance along the accelerator.
A large jump of the emittance occurs in the cross-section, where the bunch achieves maximal
compression due to the ballistic bunching. In this point a space-charge field is also maximum.
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Figure 5.9: The spectral characteristics of the beam at exit of SC 5-cell cavity.
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Figure 5.10: Evolution of the beam rms normalized emittance along the RF linac.
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6 Beam Parameters after the SC Linac

The main beam parameters obtained at the first stage of the RF linac design are summarized in
Fig. 6.1, where they are compared with the goal parameters.

First results 

before chicane 

 

Goal 

before chicane 

Energy , (MeV) 

  

14.9 10÷ 15  

RMS energy spread, ( %)   1.38 

 

0.5 

 

Bunch charge,             (pC)  665   

 

> 300  

RMS bunch duration   (ps) 12  1.0   

 

RMS nor. emittance   (mm×mrad ) 10  < 20 

 

Figure 6.1: The main beam parameters obtained at the end of the SC linac.

There are two of five parameters, namely, the bunch energy spread and duration that need
to be improved considerably. The most critical parameter is the bunch duration and we need
better understanding of the ballistic bunching limits and how to enhance this bunching. The
analysis of the ballistic bunching in drift space points out two main factors limiting the beam
compression, namely, the space-charge forces and the non-linear dependence of the arrive time
of electrons on the linear energy chirp along the bunch. This leads us to three challenges: weak
compression, space-charge repulsion and high energy spread. In order to mitigate the space-charge
effects one can generate long bunches of a few ns so that the space-charge fields are more or less
neutralized in the bunch center. The long bunch tails will have a high energy spread but we can
add a NC booster and an energy filter in front of the main linac. Keeping bunches a little bit
undercompressed we can use the energy filter also as a chopper. The bunch compression can be
enhanced by using a nonlinear energy chirp in order to compensate for the nonlinearity of the
arrival time of electrons. It still seems possible to obtain 150 fs bunches with a thermionic RF
gun but this will be extremely challenging.
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