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The heating properties of LaB6 and CeB6 cathodes are investigated against the Back Bombardment (BB) effect in thermionic RF guns by using numerical calculations of the stopping range and
the heat power deposited inside the cathode materials. Then, the change in the cathode temperature
and the corresponding change in the current density during the 5.5 µs macropulse are determined
by solving two differential equations. The simulation results show that the change in the current
density during the macropulse for LaB6 was two times higher than that for CeB6 ; hence, the effect
of the BB electrons in CeB6 is less than it is for LaB6 .
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I. INTRODUCTION

Generation of a low-emittance and high-brightness
electron beam is an indispensable and key technology
for future electron accelerators, e.g., free electron lasers
(FEL), energy recovery linacs, and linear colliders. RF
guns are well known to have advantages over conventional electrostatic guns, such as a high acceleration field
of ∼50 MVm−1 , resulting in appreciable reduction of
emittance growth due to the space charge effect. RF guns
have a compact and economic structure to produce high
peak current electron beams with ∼MeV beam energies.
The extracted electron beam from RF guns is considered
to be a pre-bunched beam [1]. Unlike the photocathode
RF gun or electrostatic DC gun, the thermionic RF gun
does not require unique and expensive laser devices or an
extra bunching system, respectively. Generally speaking,
RF guns are considered to be one of the highest quality
sources for supplying electron beams with the desired
energy and current [2, 3]. Due to the above-mentioned
features and advantages, a thermionic RF gun has been
selected as the electron injector to drive the KU-FEL
(Kyoto University Free Electron Laser facility). On the
other hand, thermionic RF guns have their own characteristic problem, changes in the cathode temperature
and the beam current during a macropulse due to the
back bombardment (BB) effect.
The BB effect can be simply explained as follow: In the
RF cavity, the electric field strength varies sinusoidally
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with the frequency of the RF power fed to the gun. At
the time the accelerating field exists in the gun cavity,
electrons are extracted from the cathode and gain kinetic
energy. After half a period of the RF cycle, the electric
field changes its direction, and electrons are decelerated
to the cathode. These electrons are referred to be backstreaming electrons [4]. The BB effect induces not only
a ramping-up of the cathode temperature and the beam
current during macropulse but also a decreasing of the
cavity voltage and the electron beam energy due to an
increase in the beam loading during macropulse [5]. As
a result, the electron beam quality and the FEL stability are strongly affected. Moreover, the heat input from
BB electrons increases the cathode operation temperature; as a result, the cathode material life-time shortens
due to an increase in the evaporation rate. This phenomenon cannot be avoided if a thermionic RF gun uses
as electrons injector for long macropulse electron beams
applications like an oscillator FEL.
Many scientific publications deal with reducing BB effects in thermionic RF guns, and these methods may be
classified into six main categories. The first and the second categories are related to the gun structure or design
[6,7] and to cavity field specifications, respectively [8,9].
The third and the fourth categories are related to the
cathode shape and the external magnetic field applied
on the gun backside, respectively [4,10–14]. However, a
few papers discus the effects of cathode heating and the
cathode material, respectively [5,13,15].
KU-FEL thermionic RF gun, as shown in Fig. 1,
mainly consists of 4.5 cells at the centre of a cylindrically
symmetric first half cell on which the thermionic cathode
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Table 1. Physical and chemical properties for LaB6 and
CeB6 .
Molecular weight: gmol−1
Density: kg cm−3
Melting temperature: K
Thermal conductivity: Wm−1 K−1
Emissivity ε
Richardson constant: Acm−2 K−2
Work function: eV
Effective atomic number
Effective molecular weight: gmol−1

Fig. 1. (Color online) Electrons beam dynamics in a KUFEL thermionic RF gun derived by a 1D numerical simulation.

is mounted. The gun is driven by a klystron fed up to a
10 MW RF power, which provides up to a 10 MeV electron beam in a total length of 30 cm. The thermionic
RF gun cathode has been improved since 2007, and it
was difficult to produce a high beam current with stable energy for more than 1 µs pulse duration due to BB
electrons. The performance of the gun has been dramatically improved, and high beam currents over longer
macropulse have beam generated after replacing the dispenser tungsten-based cathode with single-crystal LaB6
in 2007 [16]. The importance of the cathode material in
BB effect reduction and gun performance improvement
were discussed and clarified in Ref. 5.
Simulation is well known to be the best way to study
the BB effect in thermionic RF guns due to difficulty in
conducting experiments on BB electrons. In this paper,
we compare numerically LaB6 and CeB6 as thermionic
RF gun cathode materials against the BB effect. In
Sec. II, the selection of the materials in this research
is introduced. The methodology used to treat the BB
effect problem and the simulation model procedures are
discussed in Section III. In Sec. IV, the results of the
simulation and an overall discussion are presented. Our
conclusions are presented in Sec. V.

CeB6
204.986
4797
2463
124
0.779
3.6
2.65
41.228
96.035

LaB6
203.772
4720
2483
147
0.765
29
2.7
40.447
94.735

property is required, which is a material with less effect
due to BB electrons.
Although early work on metal borides dates back to
Lafferty in 1951 [17]; this class of compounds first became a focus of intense research in the late 1960s. Lafferty in his study concluded that rare-earth borides of
the MB6 type are better emitters than alkaline earths
or thorium borides. These materials exist in the CsCl
crystal structure, in which a cage of boron atoms (B6 )
surrounds the metal atom. This arrangement allows a
unique combination of all the desired properties for an
excellent cathode material, such as low work function,
low volatility at high operation temperature, high mechanical strength, and high chemical resistance [18]. The
most promising hexaborides for use as electron emitters
are LaB6 and CeB6 , which have been intensively studied since Lafferty. These materials are currently used
in a wide range as electron emitters for RF or electrostatic DC guns. The potential benefits of these emitters
over other materials are their lower evaporation rate and
higher resistance to oxygen and water vapor contamination.
The work function of LaB6 it have been reported to
range from 2.66 eV to 2.87 eV, resulting in operating
temperatures of approximately 1650 ◦ C [19]. CeB6 has
a lower work function in the range 2.5 – 2.65 eV and an
evaporation rate less than that of LaB6 [19,20]. Table 1
lists the most essential physical and chemical properties
for the LaB6 and the CeB6 used in this work.

II. CATHODE MATERIALS
The choice of gun cathode material is a very important issue in acceleration technology and mostly depends
on the applications for which the cathode is considered.
Thus, from an operation point of view, the cathode
material should have a low work function, a high current emission capability, a long lifetime, a high melting
temperature and a rapid recovery from contamination.
The above-mentioned properties may be realized by using single crystals of hexaboride materials, while from a
thermionic RF gun user’s point of view, an additional

III. METHODOLOGY
A numerical simulation method was improved to study
the dependency of BB electrons on the cathode material
in thermionic RF guns [5]. At first, simulation codes were
used to simulate the BB effect and the electron beam trajectory inside the KU-FEL thermionic RF gun. Semiempirical equations were also used to investigate the materials emission properties and stopping ranges for various
deposited heat powers of BB electrons in the cathode
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material. A numerical simulation code was used to determine the change in the cathode temperature and current
density during a single macropulse. This was done by
solving two differential equations for the RF gun cavity
equivalent circuit and the one-dimensional thermal diffusion equation. Because high electron emission and small
beam size are important for generation of a high brightness electron beam, the emission properties of the cathode material were taken into account. Validation of the
simulation results was performed using an experimental
data after the gun exit and was presented in Ref. 5. In
the next subsections, the main equations and the criteria
for the initial conditions of the model are explained.
1. Thermionic Emission

The relation between extracted current density Jc
(Acm−2 ) from a hot cathode and the cathode temperature T (K) well known to be is given by the RichardsonDushman equation [21]:


eϕ
2
,
(1)
jc = AT exp −
kB T
where A (Acm−2 K−2 ) is Richardson’s constant for the
material, e (C) is the electron charge, kB (JK−1 ) is Boltzmann’s constant and ϕ (eV) is the material’s work function. The Richardson constant and the effective work
functions for the hexaborides under considerations are
listed in Table 1. A high emission density (∼12 Acm−2 )
is reported to be required to produce a several hundred
miliampere peak current from a small cathode surface.
Hexaborides like LaB6 and CeB6 can emit such an intense current over long lifetimes [22].
When BB electrons hit a cathode material during a
macropulse, the cathode temperature and, consequently,
the Jc increase from the initial operation values. Therefore, setting the minimum value of the current density
is crucial for a comparison the BB effect in cathode materials. For electron beam applications with high peak
current, long macropulse, and high repetition rate requirements, such as a FEL, let us assume the minimum
required current density (Jmin ) from the cathode to be
12 Acm−2 . With this criterion, a small thermal emittance from the cathode materials is expected for cathode diameters in the range of 1.5 ∼ 2 mm and operation
temperatures in the range 1500 ∼ 2000 K.
2. Stopping Range and Heat Deposition

In radiation physics, chemistry, biology, and medicine,
it is often important to have accurate information about
the interaction between the incident particles and the
absorber material. In general, electrons penetrating a
material lose their energy through interactions with electrons captured by atoms. Most of the incident electrons
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kinetic energy is converted into thermal energy inside
the material. This thermal energy is deposited inside
the material layers, causing the material to be heated.
The range of electrons inside the material is useful for
evaluating the effects associated with deep penetration
of electrons, such as BB ones. The extrapolated range
or ‘stopping range,’ R (m), is usually defined as the thickness of material at which the extension of the linearly decreasing region of the transmission curve becomes zero or
the depth of the absorber indicates zero electron velocity. The stopping range of electrons with energies from
0.3 keV – 30 MeV in an absorber with atomic numbers
of 6 – 92 has been found to be expressed by a single
semiempirical equation of the form [23].


a1 ln(1 + a2 τ )
a3 τ
R=
,
(2)
−
ρ
a2
1 + a4 τ a5
where ρ (kgm−3 ) is the material density, τ is the incident
kinetic energy in units of the rest electron’s energy, and
the parameters ai (i = 1,2,. . .,5) are given by a simple
function of the material atomic number Z and the atomic
weight A. In case of a mixture or a compound, Z and A
should be replaced by the effective values of the atomic
number Zeff and atomic weight Aeff [23]. The effective
values of the atomic numbers and the atomic weights for
LaB6 and CeB6 were calculated and are listed in Table 1.
The deposited heat can be defined as the loss of electron energy, ∆E (eV), in a material of infinitesimal thickness, ∆R (µm), and can be written as ∆E/∆R. To understand the interaction between the electrons and matter, let us have a look at the different kinds of heat power
deposition inside the material:
• Collision stopping power, which is the average energy loss per unit path length due to inelastic
coulomb collisions with the bound atomic electrons
of the material, resulting in ionization and excitations.
• Radiative stopping power, which is the average energy loss per unit path length due to emission of
Bremsstrahlung in the electric field of the atomic
nucleus and atomic electrons [24].

3. Change of the Cathode Temperature and
Current Density

In this subsection, a numerical simulation code to determine the increase in the cathode temperature and
the current density due to BB electrons is presented.
The simulation code calculates the transition state of a
thermionic RF gun due to the effect of BB electrons during a single macropulse. The simulation starts by feeding the RF power pulse into the gun cavity with initial
conditions of the cavity constants and cathode material
properties up to the change in the cathode temperature
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Table 2. Parameters of the KU-FEL thermionic RF gun.
Resonant frequency [MHz]
Coupling coefficient β
Q value
R/Q [Ω]
Input RF power [MW]
Cathode radius [mm]
Current density [Acm−2 ]
Macropulse duration [µs]

Fig. 2. (Color online) Heat distribution as a function of
stopping range determined for a 12 Acm−2 current density
and a 49 MVm−1 cavity field.

and the current density due to BB electrons. The code
simultaneously solves two differential equations based on
two models. The first one is the differential equation of
the RF gun cavity equivalent circuit, which includes the
beam loading effect on the cavity voltage [25]. The second model is the one-dimensional differential equation
of heat diffusion in a thermionic cathode; details on the
above models are explained in Ref. 5.
The RF gun equivalent circuit parameters, resonance
frequency, coupling factor, input RF power, R/Q-factor,
are listed in Table 2. All the parameters used in the simulation are the same as the real one for operation at the
KU-FEL facility. Due to the increase in the current density during the macropulse, the beam current increases
as a result the cavity voltage decreases due to the beamloading increase. To determine the beam-loading in the
gun cavity, we determined the values of the beam admittance in advance by using the KUBLAI code [26]. The
second equation used in the numerical simulation code
is the one-dimensional thermal diffusion equation for a
thermionic cathode, which includes the thermal properties of the cathode and the heat input from BB electrons,
and is given as.
CρV

∂T (z, t)
∂ 2 T (z, t)
=λ
+ Qb (z, t, Vc , Jc ),
∂t
∂z 2

(3)

where C (Jkg−1 K−1 ) denotes the specific heat capacity, λ (Wm−1 K−1 ) the thermal conductivity, z (m) the
depth of the cathode from the surface, V (m−3 ) the cathode volume, and Qb is the heat input from BB electrons.
Vc (MVm−1 ) is the cavity voltage, where this value is
kept constant in the calculation to demonstrate the experimental conditions by modifying the input RF power
X pulse shape during the macropulse. Because of the dependency of the heat input, Qb , on the time it is difficult
analytically to solve Eq. (3). Therefore, this equation is
solved by iteration in the simulation code. The specific
heat capacities, emissivities and thermal conductivities
used in simulation code for LaB6 and CeB6 are listed in
Table 1.

2856
2.79
12500
980
8
1
12
5.5

IV. RESULTS AND DISCUSSION
The cathodes under investigation are assumed to have
the same operating condition of vacuum level, heating
method, applied electric field in the RF cavity, diameter,
area and current density duty. The numerical method
mentioned above is used to investigate and compare
LaB6 and CeB6 . In subsection 1, a general picture for
electron beam dynamics using simulations in thermionic
RF gun is introduced. In subsections 2 and 3 the results for the emission properties and the interaction between the BB electrons and the cathode materials are
compared. Finally, subsection 4 is devoted for showing
changes in the cathodes temperatures and corresponding
changes in the current densities for LaB6 and CeB6 .

1. General Picture for BB Electrons in a KUFEL Thermionic RF Gun

In order to evaluate the effect of BB electrons on
the time evolution of the cathode temperature, first, we
simulated the electron beam dynamics in the KU-FEL
thermionic RF gun by using a 1D numerical simulation
code [27], and the results are depicted in Fig. 1. It can be
seen from the figure that, a great number of electrons becomes BB electrons inside the gun cavity. In Fig. 2, the
heat deposition by BB electrons in LaB6 (as an example)
was simulated using KUBLAI code and a semiempirical
equation [26]. From the figure, the BB electrons can be
classified into three categories based on the BB electron’s
energy and stopping range:
1. The highest peak with very small stopping range,
less than 100 µm, from the cathode surface, is induced by electrons with very low energy (less than
50 keV). This category of electrons deposits a large
amount of heat very close to the cathode’s surface.
2. The second component seen in Fig. 2 corresponds
to BB electrons with energy ≤1 MeV. These electrons have stopping ranges up to 500 µm and are
considered to be mainly responsible for the cathode
temperature increase during the macropulse. This
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Fig. 4. (Color online) Comparison between LaB6 and CeB6
of (a) stopping range and (b) deposited heat power as functions of BB electron energy.
Fig. 3. (Color online) Ideal emission current densities of
LaB6 and CeB6 cathodes calculated using Eq. (1).

category of electrons mainly returns from the first
half cell of the RF gun cavity, which has maximum
acceleration for the electrons up to 1 MeV.
3. The heat deposited deeper in the cathode (more
than 500 µm) is due to BB electrons with high energies that return from the acceleration cells in the
gun cavity. Based on the deposited heat inside the
cathode material, one can say the contribution of
these electrons is almost negligible in the cathode
surface temperature rise.
From the general picture, BB electrons with energies
≤1 MeV are considered the most serious electrons, and in
the next steps, those electrons are considered and treated
in the comparison.

2. Thermionic Emission

The unique properties of LaB6 and CeB6 crystals provide a stable electron-emitting media with work functions near 2.65 eV. The low work function yields higher
currents at lower cathode temperatures than tungsten,
which means greater brightness and longer cathode lifetime. The emitted current densities as a function of the
cathode temperature for LaB6 and CeB6 are calculated
using Eq. (1) with the parameters listed in Table 1, and
the results are depicted in Fig. 3. It is clear from Fig. 3
that both LaB6 and CeB6 can emit the minimum current
density requirements (Jmin = 12 Acm−2 ) before their
melting temperatures, as listed in Table 1. Due to the
high value of the LaB6 Rechardson’s Constant compared
with CeB6 , the current density emitted from LaB6 can
satisfy Jmin at a temperature 1926 K which is lower than
the corresponding temperature for CeB6 (2130 K).

3. Stopping Range and Heat Deposition

The stopping range and the deposited heat power of
electrons having the same BB electrons energy in LaB6

Fig. 5. (Color online) Changes in (a) cathode temperature
and (b) current density for LaB6 and CeB6 cathodes derived
from the numerical code.

and CeB6 were calculated using Eq. (2) and the results
are depicted in Figs. 4(a) and 4(b). The BB electron
energy is selected up to 1 MeV based on the simulation
results shown in subsection 1. Here, from Fig. 4, it is
clear that both the stopping range and the deposited
heat power for LaB6 and CeB6 are very close to each
other. This behavior can be explained as follows: the
stopping range and the deposited heat power are strongly
affected by material properties such as the density and
the atomic number and weight, as shown in Eq. (2). One
can see from Table 1 that there is no significant difference between the material densities or the effective values of the atomic numbers and atomic weights for LaB6
and CeB6 . From this point of view a material with a
low density and small values of the atomic number and
atomic weight, like CaB6 , is expected to show a smaller
deposited heat power compared with LaB6 and CeB6 .
From the results shown in Fig. 4, there is some difficulty
in judging which material has a low effect due to BB
electrons, even though in Fig. 4(b) the deposited heat
power for LaB6 is slightly higher than it is for CeB6 .

4. Changes in Cathodes Temperatures and Current Densities

The changes of the cathode temperatures and the current densities for LaB6 and CeB6 due to the heat deposition from BB electrons are determined using the numerical simulation code previously mentioned, and the
results are depicted in Fig. 5. In Figs. 5(a) and 5(b),
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the changes in cathode temperature and current density during a 5.5-µs pulse with a flat 8-MW RF field are
depicted, respectively. The initial values of the temperature and the current density supplied to the simulation
model were 1926 K and 2130 K corresponding to Jmin =
12 Acm−2 for LaB6 and CeB6 , respectively. The initial
parameters for the equivalent RF cavity circuit and the
cathodes properties are listed in Tables 1 and 2, respectively. It can be seen from Fig. 5 that the changes in
the cathode temperature and the corresponding changes
in the current density are 72 and 61 K and 18.5 and 9
Acm−2 for LaB6 and CeB6 , respectively.
From Fig. 5, the change in the LaB6 current density is
almost two times higher than that for CeB6 , even though,
the difference in the cathode temperature changes between LaB6 and CeB6 does not exceed 11 K. This behaviour can be explained by the emission property of the
materials, as can be seen in Fig. 3. The current density
emitted from CeB6 has a slow increasing slope (in Jmin
current density duty) as a function of the temperature
compared with LaB6 . The ‘emission slope’, which can be
defined as the change in the current density per change
in the cathode temperature ∆J/∆T (Acm−2 K−1 ), was
calculated and were 26% and 15% for LaB6 and CeB6 .
The small value of the emission slope for CeB6 makes
that cathode material more stable than LaB6 for temperature change under the same operation conditions.
From Fig. 3, LaB6 and CeB6 cathodes can satisfy
the required current density, Jmin , before reaching their
melting temperatures. At first glance, LaB6 seems the
preferred candidate material due to its low operation
temperature compared with CeB6 at the same current
density. On the other hand, the change in the current
density during a 5.5-µs pulse is two times higher than for
CeB6 , as shown in Fig. 5.
The high change in the LaB6 current density is expected to introduce a large decrease in the electron beam
energy compared with CeB6 . Therefore, a high change
of the current density is not preferable from an output
electron beam stability point of view.
A small transverse emittance is well known to be crucial for efficient FEL operation. From this point of view,
the expected emittances from LaB6 and CeB6 at temperatures of 1926 K and 2130 K are 0.285 and 0.299 π mm
mrad respectively. However, in practice, thermionic RF
guns are well known do not achieve emittances as small
as the ideal theoretical emittances calculated herein.
From the emittance point of view, LaB6 has priority as a
cathode material compared with CeB6 . The small emittance for LaB6 is due to the low operation temperature of
the cathode. However, the change in the LaB6 temperature during the macropulse is higher than it is for CeB6 ,
as shown in Fig. 5. Thus, we can say that a low operating
temperature for a thermionic cathode is not preferable,
in terms of changing the cathode temperatures.
From the above arguments, the changes in the cathode
current density and temperature points of view, CeB6 is
expected to have a smaller ramping of the beam current

during the macropulse in a thermionic RF gun compared
with LaB6 . Therefore, the effect of BB electrons in CeB6
is smaller than that in LaB6 if they are used under the
same operation conditions. Experiments are required to
confirm the model and to demonstrate the calculation
results.
Moreover, CeB6 has been reported to have two additional advantages over LaB6 at the same operation
conditions. These advantages are a low mass evaporation rate of around 1.6 × 10−9 compared with 2.2 ×
10−9 gcm−1 s−1 for LaB6 and a long life-time for the
same operating temperature [28].

V. CONCLUSION
In this article, we compared the BB effect for LaB6 and
CeB6 cathodes to clarify the phenomenon and find out
which of them has less effect due to BB electrons. The
first part of the analysis involved characterizing the electron beam emission properties. The stopping range and
the deposited heat power were then determined for BB
electrons of various energies. The changes of the cathode temperature and equivalent current density were also
determined numerically. Based upon the findings of this
investigation, the BB effect for CeB6 is less detrimental
than it is for the LaB6 cathode, having a small change in
the cathode temperature and current density. The main
reason for this difference is the emission curve for CeB6
has slow-increasing slope as a function of the temperature compared with LaB6 .
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