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Abstract

The coherent THz facility developed at NSRRC delivers
superradiant radiation with wavelengths ranging from 100
- 500 um from a gap tuneable U100 planar undulator. An
S-band laser-driven photocathode rf gun has been used in
its 25 MeV linac system to generate a sub-picosecond high
brightness relativistic electron beam via velocity bunching
for emission of coherent THz radiations. However, the high
accelerating field in the gun cavity is found to be the main
cause of electron field emission that generates the non-neg-
ligible background current (dark current) in the system. A
portion of the field emission (FE) electrons with launching
conditions close to that of the main beam can be acceler-
ated to high energies by the booster linac structure located
downstream. The primary cause of excessive radiation dos-
age stems from the collision of these unwanted high-energy
electrons with the system's vacuum vessel. In order to limit
the transportation of FE electrons from rf gun to the booster
linac, a collimation system will be implemented at up-
stream of the booster linac. In this work, the drive linac
system has been modeled with 3D space charge tracking
code — IMPACT-T for both main beam as well as dark cur-
rent simulation. Particle transmission and energy distribu-
tion of dark current after collimation has been simulated.
Trajectories of electrons at various initial positions and par-
ticle loss mechanism have also been analysed.

INTRODUCTION

NSRRC coherent terahertz facility is a superradiant un-
dulator radiation source driven by a relativistic sub-pico-
second high-brightness electron beam generated by a pho-
toinjector [1-2]. It provides scientific users with intense un-
dulator radiation in the wavelength range of 100-500 pum.
As shown in Fig. 1, the photoinjector is mainly composed
of a 2998 MHz photocathode rf gun with copper cathode
being excited by a 266 nm, picosecond UV laser and a 5.2-
meter, 2998 MHz constant gradient traveling-wave linac
section (booster linac) for beam acceleration to the de-
signed energy. The system is also equipped with solenoid
magnets to compensate emittance growth due to linear
space charge [3]. In order to generate superradiant THz ra-
diations, the beam is compressed to sub-picosecond in du-
ration via velocity bunching by operating the booster linac
near zero-crossing rf phase [4]. In fact, a bunch 250 pC of
charge with 240 fs duration and 25 MeV beam energy has
been achieved in our photoinjector system. However, sys-
tem operation has been hindered by excessive ionization
radiation which stems from the collision of unwanted high-
energy electrons with the vacuum vessel. High accelerating
field in the gun cavity is found to be the main cause of field
emission that contribute free electrons to the dark current
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in the system. It is obvious that those FE electrons with
launching conditions close to that of the main beam are
most likely accelerated to high energies by the booster
linac.
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Figure 1: Schematic layout of the NSRRC photoinjector
with a collimator installed to mitigate the entry of field-
emitted electrons from the rf gun into the booster linac.

Due to the broad energy range of electrons in the dark cur-
rent and considering the different focusing strengths of the
gun solenoid for electrons of different energies, it is feasi-
ble to incorporate a collimator with a finite aperture size
along the beam path to limit dark current from entering the
booster linac. In this study, the dynamics of FE electrons
from cathode surface has been simulated with IMPACT-T
[5]. To evaluate the effectiveness of the collimator to block
dark current from entering the booster linac, an initial dis-
tribution of FE electrons has been defined on the end-wall
of the cavity half-cell (i.e. cathode surface) according to
Fowler-Nordheim (FN) theory [6-7] and the evolution of
these electrons are tracked along the photoinjector. It is
worth noting that field emission from inner surfaces of gun
cavity other than the half-cell end wall has been neglected
because electrons emitted from these surfaces are not likely
accelerated to higher energies [8-9]. On the other hand, we
assume charge density of dark current is low enough such
that space charge effect can be neglected in IMPACT-T
simulation. The particle loss mechanism in the system has
been analysed by looking into the trajectories of electrons
under various initial radial and longitudinal positions. The
collimator considered in this study is placed at 1.05 m away
from cathode surface because it is dictated by available
space in the system setup.

INITIAL FE ELECTRON DISTRIBUTION

For field emission, electrons in a metal tunnel through
the potential barrier setup between the metal surface and
vacuum provided that strong enough external electric field
has been applied onto the surface. The emission current
density j on a metallic surface depends not only on the ap-
plied electric field, but also on the intrinsic properties and
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surface condition of the metal. It can be described by
Fowler-Nordheim equation as [6-7]:

6.53 X 109415

j=154x10"¢- 104-52¢’”'5ae@exp<
¢ BE

) [A/m?]

where ¢ is the work function of the material in eV, E the
local electric field applied on the metal surface in V/m, f
the field enhancement factor and a. the ratio of effective
emission area to actual area. In an rf accelerating structure,
time-harmonic field characterized by both amplitude and
phase is applied on the inner surfaces of the structure.

A distribution of hundred thousand electrons in polar
coordinates, shown in Fig.2, has been used to study dark
current transportation in the photoinjector with and without
collimator. Assuming zero momentum spread, transverse
distribution of field emission electrons is determined by the
current density defined by FN equation which depends on
the gun cavity field distribution on cathode surface. The
axis-symmetric field of our 2998 MHz, 1.6-cell rf gun cav-
ity has been calculated by 2D electromagnetic simulation
code — SUPERFISH [10]. Peak on-axis electric field is set
at 60 MV/m. Typical values of fat 100 and a. of 10-13 have
been chosen in this study [11-12]. Due to the periodicity of
rf field, while electrons are emitted from the metal surface
at one half cycle, emission is cut off for the other half. For
simplicity in this preliminary study, we tentatively consider
electrons are distributed uniformly in an initial longitudinal
position range such that the rf phase seen by the first parti-
cle as it leaves the cathode differs from that seen by the last

particle by 90 degrees.
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Figure 2: (a) transverse (b) horizontal (c) 3D and (d) longi-
tudinal distribution of field emission electrons from cath-
ode surface are defined in this study when 60 MV/m on-
axis electric field is applied. Field enhancement factor f
and the ratio of effective emission to actual area a. was ten-
tatively set at 100 and 10! respectively.

TRAJECTORIES OF FE ELECTRONS

By optimizing of the rf phases of accelerating structures
(i.e. rf gun and booster linac) and solenoid magnetic fields,
a high brightness sub-picosecond electron beam is gener-
ated in the photoinjector system via velocity bunching. In
this IMPACT-T simulation study, the on-axis accelerating
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field on rf gun cathode is 60 MV/m. For minimization of
transverse beam emittance at linac exit, gun rf phase and
solenoid magnetic field are set at 205° and 0.118 T respec-
tively. Under this operation condition, due to the finite
sizes of gun apertures, it can be shown that not all electrons
emitted from the cathode can be accelerated successfully
and leave the rf gun. To study this, we performed single
particle tracking calculations for electrons with different
radial and longitudinal positions on cathode surface.

Figure 3 depicts results of single particle tracking with
IMPACT-T for electrons with initial radial positions rang-
ing from 0.5 to 12 mm from the centre of cathode. As
shown in Fig. 3, off-centred FE electrons are deflected ra-
dially from cavity axis with initial radial positions larger
than ~3 mm are blocked by either by the inter-cell or the
gun exit apertures. Electrons with radial positions smaller
than ~3 mm leave the rf gun successfully propagate to
downstream. However, due to the broad energy range of
these electrons, the gun solenoid at fixed field setting have
different focusing strengths to electrons of different ener-
gies. A collimator with a finite aperture size can be inserted
at a distant from the cathode along the beam path to limit
dark current from entering the booster linac. We decided to
put the collimator at 1.05 m away from the cathode in our
case.
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Figure 3 : Plots of trajectories of electrons with different
initial radial positions on cathode surface.

For FE electrons with different initial longitudinal posi-
tions, they see different rf phases as they leaves the cathode
surface according to their initial positions and averaged ini-
tial velocity v,. The rf phase difference 4¢ between an ar-
bitrary particle and the leading particle is given by wAz/v,,
where Az is the difference in initial longitudinal positions.
Figure 4 depicts trajectories of electrons with various ini-
tial longitudinal positions (expressed as rf phase difference
between some electron and a leading electron). It is found
that only those particles having rf phase differences in the
range between -40 and -120 degrees (or equally 240-320
degrees) can be accelerated and propagate to downstream.
For the uniform longitudinal distribution of initial FE elec-
tron we previosuly defined, some particle loss on cathode
surface is expected.
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Figure 4: Trajectories of electrons with various initial lon-
gitudinal positions (expressed as rf phase difference be-
tween some electron and a leading electron).

EFFECTS OF COLLIMATOR

According to IMPACT-T simulation results, RMS size
o: of main beam is 0.75 mm at the collimator location. Col-
limator aperture size of 6¢; (i.e. 4.5 mm) is therefore taken
as the minimum value without interrupting the main beam.
With the distribution of hundred thousand initial FE elec-
trons described in previous section, particle loss in pho-
toinjector with and without a collimator with square aper-
ture size of 4.5 mm (i.e. 4.5x4.5 mm? in area) have been
simulated. The results are shown in Fig. 5. It is found that
percentage of FE electrons that can be transmitted through
the collimator can be as low as 7.12%. It is worth noting
that particle loss before collimator has been observed.
Since we have assumed a uniform longitudinal distribution
in this preliminary study, it is not surprising to have particle
loss on cathode. As explained in previous section, a signif-
icant portion of the FE electrons are blocked by the gun
apertures. In this simulation, the sizes of computational do-
main in X- and Y- directions have been set to 40 mm. Par-
ticles that move beyond the computational domain are con-
sidered to be lost in the beamline.
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Figure 5: Simulated particle loss in photoinjector with and
without a collimator with square aperture size of 4.5 mm.

Percentage of FE electrons being transmitted through the
collimator aperture as a function of aperture size is calcu-
lated and plotted in Fig. 6. Particle loss is still significant
even for larger aperture sizes. For example, only one third
of the FE electrons survived with collimator aperture size
of 16 mm. This demonstrates the effectiveness of this dark
current reduction scheme.
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Figure 6: Percentage of FE electrons being transmitted

through the collimator aperture as a function of aperture

size.

To understand the energy distributions FE electrons before
and after collimator, energy spectra are compared for a col-
limator of 6 mm aperture size. The distribution of FE elec-
tron energies is broad before collimation. But after colli-
mation, only electrons with highest energy remain. It is be-
lieved that these remained high energy particles have prop-
erties very similar to the main beam.

10000

8000

6000

4000

Particle Number

2000

3 4 5 6
Pz [mc]

Figure 7: Electron energy spectra at booster linac entrance
with(blue) and without(red) insertion of a 6 mm collimator.

CONCLUSIONS

According to FN theory, a distribution of field emitted
electrons has been defined to study dark current transpor-
tation in the photoinjector with and without collimator. The
effectiveness of this dark current reduction scheme has
been demonstrated. to reduce It has been demonstrated the
effectiveness of this dark current reduction scheme. Parti-
cle loss on collimator is still significant even for larger ap-
erture sizes. It is very likely that the main beam will not be
intercepted with proper choice of collimator aperture size.
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