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Abstract—The effect of back bombardment (BB) electrons is 

considered one of the main obstacles for extensive use of 

thermionic RF guns. Ten hexaboride materials named (Ca, Sr, Ba, 

La, Ce, Pr, Nd, Sm, Eu, and Gd) B6 are investigated in this work 

to survey the effect of the cathode material on reducing BB 

electrons and compare them with LaB6 (which is widely used as a 

thermionic cathode). A numerical model was used to conduct this 

study. Besides the numerical calculations; an experiment has been 

performed to determine the work functions of CeB6 and LaB6. The 

results from the numerical calculations revealed that (Ba, Ca, and 

Nd) B6 are less affected by BB electrons: 42, 50, and 59 % 

respectively, compared with LaB6, for low beam current 

applications. In contrast, for high beam current duties, (Nd, Ce, 

and Sm) B6 have minimum influence by BB electrons compared 

with other hexaborides. The study concluded that BB electrons are 

strongly affected by the properties of the cathode material, 

especially thermionic emission and material density. Moreover, 

the study suggests that it is worthwhile to prepare BaB6, CaB6, 

NdB6, and SmB6 as cathode materials, then to subject them to a 

real experimental test using thermionic RF gun to compare their 

performance and BB effect against LaB6. 

 
Index Terms—Hexaborides, Back bombardment, Work 

function, RF guns, Thermionic emission, Electron acceleration.  

 

I. INTRODUCTION 

ITHIN the applications of electron accelerators electrons 

are generated from a cathode and accelerated out of the 

electron gun to the next acceleration structures. The quality of 

the generated electron beam is the criterion to judge the electron 

source employed in the application, such as for on-site research, 

industrial and medical uses. Radio-frequency (RF) electron 

guns [1], [2], and electrostatic DC electron guns [3], [4], are 

world-wide utilized in accelerators facilities. Simple and 

compact configuration characterizes the RF gun compared to 

the DC gun. Electrons are generated from the cathode in the RF 

guns using two methods, photoemission and thermionic 

emission both named photocathode RF gun (P-RF) and 

thermionic RF guns (T-RF), respectively. A P-RF gun is 

capable of producing electron bunches with very low emittance 

based on laser specifications employed in the system [5]. 

However, the cost of the laser system and cathode material 
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operation lifetime are critical aspects of operation with this 

technique. The T-RF gun is competent to produce high-quality 

electron beam without an expensive laser system by simply 

applying several watts from DC power supply on the cathode 

material fixed in the gun end. The T-RF gun cathode is 

employed as an electron emitter in the Kyoto University Free 

Electron Laser Facility (KUFEL) [6]. Despite this, the back 

bombardment (BB) electrons effect, is one of the main 

obstacles to the wider use of T-RF guns [7]. Briefly, the BB 

effect is the transient heating of the cathode surface due to 

electrons emitted late in the RF cycle; these electrons reverse 

their direction and impact at the cathode surface. As a result, a 

series of changes occur during the macropulse. 

This work emphasizes the T-RF gun and its reliability as a 

compact electron injector by reducing the BB electrons effect. 

Plenty of methods have been proposed for the BB effect 

reduction in a T-RF gun. For example, one is to modify the 

applied electric filed inside the gun cavity [8] or to modify the 

internal design of the gun structure [9], [10]. Another is to 

mitigate the BB effect by applying an external magnetic field in 

front of the cathode and modify the cathode shape [7], [11], 

[12], [13], [14]. More recently, a compensation system for the 

temperature change in the cathode using an external laser 

system has been proposed [15]. However, few papers have 

looked at the influence of the cathode material’s properties in 

reducing the BB effect [16], [17], [18]. To increase the 

efficiency of the T-RF gun, it is preferable to reduce the BB 

effect from the source by minimizing the change in the cathode 

temperature and the current density in the cathode surface. 

From this standpoint, the selection of the cathode material with 

less BB effect for the T-RF gun becomes a critical issue. Due 

to the difficulty to measure the BB electrons directly, in our 

study a simulation technique is used to understand such 

phenomenon, and a numerical evaluation method is applied to 

show the influence of the cathode material in the reduction of 

the BB effect. 

In this study, the properties of 10 hexaborides (RAB6) are 

investigated and compared with LaB6, which is already in use 

as a cathode material to protect against BB electrons in most T-

RF gun facilities worldwide. The elements are (Ca, Sr, Ba, La, 

Ce, Pr, Nd, Sm, Eu, and Gd) B6. Two of these materials (LaB6 
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and CeB6) are fabricated as a cathode material for the T-RF gun, 

and then the emission properties are measured experimentally. 

The structure of this article is arranged as follows: Section II 

presents the selection of the cathode materials. Section III is 

focused on explaining the evaluation technique used to 

understand the BB effect and the influence of the cathode 

material in reducing the BB effect. Finally, sections IV and V 

present the results, discussion, and conclusions of the analysis.  

II. SELECTION OF CATHODE MATERIALS  

The emission properties of the cathode material are critical 

for future applications of T-RF gun [19]. An extended 

operational lifetime in a high emission rate, low work function, 

and low evaporation rate are mandatory for stable use of a 

cathode material in a T-RF gun for both research and industrial 

applications. These unique properties are obtainable from 

single crystals of RAB6. The first study on RAB6 goes back to 

Lafferty in 1951, who revealed that hexaborides could be 

candidate materials as electron emitters for high duty 

applications compared with carbides [20]. Since then, the 

emission properties of RAB6 materials have been intensively 

explored. 

In the cubic structure of the RAB6, the rare-earth or alkaline 

atom occupies the center core surrounded with octahedral 

borides atoms as seen in Fig. 1. This structure gives RAB6 

materials unique physical and chemical characteristics of 

hardness, low electronic work function, high melting point, 

high strength, high chemical and thermal stability and the 

possibility of recovery after poisoning. Many methods have 

been invented to prepare single crystals of RAB6 for the field of 

cathode materials and electron emission applications. The size 

and purity of the crystal are mainly determining in which 

application the crystal will be used. For instance, the chemical 

vapor deposition method [21] is suitable for thin film material 

preparation, while, for large crystals of RAB6, the floating zone 

[22], and the aluminum flux [23] methods are more appropriate. 

The performance of the crystal as an electron emitter is 

characterized by the purity of prepared crystal, surface 

conditions, and vacuum level upon crystal activated for 

operation. Therefore, in some works the measured values of the 

emission properties, like the material work function of RAB6 

are diverse, for example, 2.30-2.87 eV for LaB6.  

The RAB6 materials used in this study are (Ca, Sr, Ba, La, 

Ce, Pr, Nd, Sm, Eu, and Gd) B6. These materials have been 

explored as electron emitters, and emission properties have 

been determined. LaB6, CeB6, and SmB6 are candidates for 

several applications such as high-energy optical systems, 

sensors for high-resolution detectors, electrical coatings for 

resistors, etc. [24]. In turn, NdB6 and PrB6 have shown great 

applications prospects as thermionic and field emission cathode 

materials [25], [26], and CaB6, SrB6, BaB6, EuB6, and GdB6 

have numerous physical properties which have been explored 

as electron emitters [20] and ferromagnetic materials [27], [28]. 

It is said that doping of La or Ce into other PrB6, NdB6 and 

GdB6 results in reducing the system work function and enhance 

the compounds emission [29]. The features of explored 

hexaborides are given in Table I. Excluding LaB6 and CeB6 

there is no work reported using the investigated materials as T-

RF gun cathode until writing this paper.  

 Due to their high electron emission, Ba dispenser tungsten-

base cathodes, which were fabricated from porous tungsten 

impregnated with xBaO.yCaO.Al2O3 (so-called W-I cathode), 

were used as cathodes for KUFEL facility until 2007, but, due 

to the considerable BB electrons, it was difficult to get a stable 

electron beam in long pulse duration for more than 1s. On the 

other hand, LaB6 has less impact by BB electrons compared to 

W-I cathode. Therefore, it replaced W-I as a cathode material 

for KUFEL RF gun. As a result, longer macropulses with higher 

beam current were produced [17]. Simulation has been 

performed to compare the effect of BB electrons between LaB6 

and CeB6. The results revealed that CeB6 has 20% less impact 

by BB electrons compared to LaB6 [18]. Based on this results, 

single crystals of LaB6 and CeB6 with 1.8 mm diameters, 

prepared using the floating zone method, were purchased to 

compare the BB effect experimentally. Before insertion these 

two cathodes to the RF gun, the cathodes were subjected to an 

experimental test to determine the emission properties using a 

table diode stand. The experimental setup and results of this test 

are presented herein.  

TABLE I 

HEXABORIDE PARAMETERS USED IN THE EVALUATION TECHNIQUE 

Parameter CaB6 SrB6 BaB6 LaB6 CeB6 PrB6 NdB6 SmB6 EuB6 GdB6 

Work function: eV 2.86a 2.67a 3.45a 2.79b 2.85b 2.73c 3.04d 2.76e 4.03d 2.62d 

Richardson Const.: Acm-2K-2 2.6 0.14 16 120.4 120.4 120.4 120.4 120.4 120.4 120.4 

Material density: gcm-3 2.45 3.39 4.36 4.72 4.79 4.80 4.91 5.06 4.95 5.27 

Molecular weight: gmol-1 104.95 152.49 202.19 203.78 204.99 205.78 209.11 215.23 216.83 222.17 

Eff. atomic number 10.73 23.96 39.64 40.45 41.23 41.98 42.94 44.82 45.65 46.77 

Eff. molecular weight: gmol-1 22.52 53.73 93.19 94.74 96.04 97.06 99.76 104.86 106.43 110.51 

Thermal conductivity Wm-1K-1 39.16 42.03 44.77 47.70 33.89 41.01 47.28 13.81 23.01 20.50 

Melting temperature: K 2508 2508 2543 2483 2463 2483 2610 2673 2200 2373 

 a from [20], b from [present work], c from [26], d from [29], e from [25]. 

 

  
Fig. 1.  Hexaborides (RAB6) crystal structure, B atoms are forming a 3D 

framework surround RA atom. 
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III. METHODOLOGY OF RESEARCH  

A. BB phenomenon   

Electrons are emitted from the cathode surface, after heating 

up to several watts, which run across accelerating field in only 

½ RF cycle inside the cavity to be extracted from the gun 

aperture. A fraction of these electrons is emitted late in each RF 

cycle. They cannot leave the cavity before the field’s direction 

is changed. Once this happens, the electrons turnover and 

accelerate back to the cathode surface. These electrons gain 

energy from the inversed accelerating field, so their energy is 

deposited at the cathode surface. Finally, this energy is 

converted into heat in the cathode surface rising its temperature 

during the macropulse. 

The electron beam extracted from the T-RF gun has a 

macropulse and micropulse structures. The micropulse is 

repeated in a picosecond scale, and the macropulse is the 

integration of the micropulses and has ~Hz repetition rate (350 

ps and 1 Hz, for KUFEL) [6]. When the BB electrons hit the 

cathode surface, the kinetic energy of electrons transfer to 

thermal energy by interaction with electronic structure in the 

cathode material, and then lose its energy as heat. The deposited 

heat has the same structure as electrons, Fig. 2(a). Cathode 

temperature increases every macropulse with TMacro, and then 

after macropulse ends, it gradually decreases. This process 

happens periodically with a specific repetition rate. The 

increase and decrease of the cathode temperature cause an 

increase in the average cathode temperature TAve. The rise of 

TAve is not a severe problem and is easily controlled by adjusting 

the cathode heater power using a cathode heater control system 

based on the extracted charge from the cathode surface [30]. 

However, the change of TMacro during the macropulse is hard 

to be controlled by adjusting the cathode heater power. The shift 

in TMacro introduces ramping of the emitted current density. As 

a direct result of increasing the beam current the applied cavity 

voltage decrease, and hence the electron beam energy drops 

from its nominal target value due to the beam loading effect. 

Therefore, the properties of the electron beams in the following 

acceleration are dramatically affected. Fig. 2(b), shows an 

experimental measurement for the beam current elevation and 

beam energy deterioration during a 5 s pulse interval.  

B. Evaluation technique   

In this study, simulation codes have been used to get an 

overview picture and understand the BB electrons trajectory 

and factors affecting its attitude, like cavity voltage, RF pulse 

shape, extracted beam current, cathode diameter, etc. Two 

particle simulation codes were used for this purpose, 

PARMELA [31], and KUPLAI [32] to trace the BB electrons 

inside the gun’s cavity. The gun used to drive the KUFEL 

facility consists of 4.5 cells in a cavity with a length of 30-cm, 

operated in S-band frequency and driven by a 10 MW RF 

klystron. The gun can provide up to 10 MeV electron beam, 

which is generated from a thermionic cathode, fixed in the 

center cylindrically flat half-cell.  

BB electrons lose a stable fraction of its energy through 

collisions inside the material and a significant fraction just 

before the complete stop, following Bragg’s curve. The 

influence of the cathode material on reducing the BB electrons 

in this study is performed using a semi-empirical equation [33], 

for particles with energy between 0.3 keV and 30 MeV, to 

identify the interaction between BB electrons and the electronic 

structure of the cathode material, through its density. The rate 

of electrons penetrated inside the material (stopping range) is 

calculated using equation 1[33]:  
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for a compound, values of Z and A are replaced by the effective 

values of Zeff and Aeff as [33]:  
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fi is defined as the fraction by weight of compound elements, Zi 

 

 
Fig. 2.  (a) Schematic image of cathode heating by BB electrons, ΔTMacro, and 

ΔTAve are temperature elevation during the macropulse, and average 

temperature rise, (b) the ramping of beam current and drops of electrons beam 

energy during the macropulse.   
  

time

TAve

TMacro

Macropulse

time
Micropulse

a

Beam current

Beam Energyb

0.000000 0.000002 0.000004 0.000006 0.000008

0.0

0.1

0.2

0.3

0.4

 CH1

A1

C
H

1

0

100

200

300

400

500

600

700

B
e

a
m

 c
u

rr
e

n
t 

(m
A

)



IEEE TRANSACTION ON ELECTRON DEVISES, VOL.**, NO. **, *****. ****  
 

and Ai are an atomic number and atomic weight of individual 

components of the compound. Zeff and Aeff of cathode materials 

involved in this study are calculated and given in Table 1.  

Energy deposition from particles losing its energy by 

struggling inside a material can be defined as: “the change of 

particle energy E (eV) divided by the traveled range R (m) 

inside the material and written in the form (-E/R) (eVm-1) 

[33]. Heat deposition in cathode surface has the same BB 

electrons distribution and affected by the same factors that 

affect BB electrons mentioned above. Therefore, in this study, 

a specific condition is considered to determine the influence of 

the cathode material on reducing BB electrons. 

 A numerical model was used to determine the elevation of 

the cathode temperature, current density along with the shift in 

cavity voltage and beam energy by solving two differential 

equations. The first one is the RF gun equivalent circuit and the 

second one is a one-dimensional thermal diffusion equation for 

the thermionic cathode. More details are found in [17]. A 2 mm 

thickness cathode is assumed in the model, this thickness is 

modeled as 20000 thin disks, one end is facing the gun cavity 

and the second is connected to the cathode heater, Fig. 3. Within 

the first ½ RF cycle, the cathode is in thermal equilibrium. The 

heat input from the cathode heater is in balance with the 

radiative heat loss from the cathode surface to the cavity. In the 

second ½ RF cycle, BB electrons are hit on the cathode surface. 

Therefore, the additional heat flux is given to the cathode 

surface, then penetrate the cathode surface, depending on the 

energy of the BB electrons. Rapid change in the cathode 

temperature occurs during the macropulse, and this change is 

calculated from the thermal diffusion equation below:  
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where K1= CV and K2= are the thermal parameters of the 

cathode material, C (Jkg-1K-1), V (m3) and (Wm-1K1) are the 

cathode specific heat capacity, volume, and thermal 

conductivity, while z (m) is the depth of cathode from the 

surface in which the electrons can reach. Qb is the heat input 

from BB electrons, which depends on current density Jc (Acm-

2) emitted from the cathode, and cavity voltage VC (V). The 

energy and heat distribution of BB electrons used in this step is 

prepared in advance using the PARMELA code. Parameters 

used in this model for the RF gun are given in Table II. 

When the cathode temperature increases, the number of 

emitted electrons increases or, the cathode current density is 

shifted up. Richardson-Dushman equation is used to determine 

the change of the current density which is given as [34]:  

 )./exp(2 kTATJ                                                           (5) 

where A and k are Richardson and Plank constants with values 

of 120.4 Acm-2K-2 and 8.62×10-5 eVK-1, respectively.  (eV) is 

the material’s work function, and T (K) is the cathode operating 

temperature.  

A. Experimental setup for LaB6 and CeB6 test 

Two single crystals of LaB6 and CeB6 cathodes were 

experimentally tested using a test stand diode to determine the 

materials work functions. The current-voltage characterization 

curves at different cathode temperatures of 1700, 1800, and 

1900 K, are measured by applying a negative voltage, in the 

range between 15 to 50 KV. These are placed on the cathode 

base, and the beam is collected using a grounded anode at 2.1 

cm distance from the cathode surface. The pressure conditions 

of the experiment are at a level higher than ~10-8 Pa. 

Temperatures were selected which cover a wide range of the 

real operational conditions of the KUFEL gun.  

IV. RESULTS AND DISCUSSION 

A. Simulation predictions 

Assuming the same nominal operational condition to 

generate MIR-FEL in KUFEL facility, BB electrons were 

traced, using PARMELA code, a general view of the simulation 

results are depicted in Fig. 4. The relation between the heat 

deposition and the range inside the cathode surface is plotted at 

different current densities – see Fig. 4(a). The BB electrons’ 

distribution on the cathode surface is plotted in Fig. 4(b), some 

observations and comments on simulation results are detailed 

below:  

1) The BB electrons have an energy profile. In Figs. 4(a) and 

5(a), electrons with energy <100 keV deposit highest heat 

fraction within 0.1 mm from the cathode surface. These 

electrons most likely returned from the first ½ cell of RF 

cavity. The BB electrons with < 600 keV energy, deposit a 

moderated heat as it penetrates deep inside the cathode ~0.5 

mm. Finally, electrons with energy >600 keV, have limited 

contribution to heating up the cathode surface, because its 

percentage is too small - see Fig. 4(b). Thus, its stopping range 

is high.  

2) At constant current density, 20 Acm-2, energy of BB 

electrons increases with increasing the applied cavity field 

from 30 to 49 MVm-1. As a result, the stopping range in the 

cathode surface increase. Although total deposited charge in 

the cathode surface is constant, heat deposition increase with 

increase applied cavity field due to the rise of the electron 

energies gained from the decelerating cavity field. 

3) At constant cavity field, 49 MVm-1, heat deposition from the 

BB electrons increase with the current density, due to increase 

the total deposited charge in the cathode surface -see Fig. 4(a). 

 
Fig. 3.  Schematic image of the cathode shape as modeled in the model. 
  

 

TABLE II 
KUFEL RF GUN PARAMETERS USED IN THE PRESENT STUDY  

Parameter Values 

RF power: MW 8 

Macropulse duration: s 6 

Resonance frequency: GHz 2.856 

Coupling coefficient:  12500 

R/Q:  

Accelerating mode 
Cathode diameter: mm 2 

 

 

Fig. 3.  Schematic image of the cathode shape as modeled in the numerical 

model. 
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The range of BB electrons is not related to the change of the 

current density, because the energy of the BB electrons is 

independent on emitted current density. 

4) At constant cavity field 49 MVm-1 and current density 20 

Acm-2, the distribution of BB electrons on the cathode 

surface is almost uniform for low energy electrons. 

However, electrons with >600 keV, which reflected from 

2nd-5th cells, and received more energy from the decelerating 

field, are focused near the cathode center, Fig. 4(b). 

5) At a constant cavity field and current density for 49 MVm-

1 and 10 Acm-2, respectively, the heat deposition from BB 

electrons increases in accordance to the cathode radius. This 

attitude is referred to the increment of the cathode area, 

which gives more chance to BB electrons with low energy 

components to make an impact and deposit its energy. 

B. Range and heat deposition  

Based on the simulation results presented above, BB electrons 

with energy below 600 keV, have a severe effect on the cathode 

compared with higher energy ones. Moreover, the fraction of 

the energetic electrons is negligibly small compared with those 

in the low regime. Also, these electrons are easily swept-out, by 

applying an external magnetic field in front of the cathode 

surface [7]. Given all the above, for convenience, our 

discussion will center on the BB electrons with energy up to 1 

MeV. This will attain greater reliability in the evaluation and 

easiness to reach our conclusions. 

 The range and heat deposited from BB electrons up to 1 MeV 

were calculated using equation 1. The estimation is done with 

the chosen hexaborides. They are then plotted as a function of 

the energy of the electron as seen in Fig. 5(a). Also, the 

deposited energy from 100 keV BB electrons is determined as 

a function of the stopping range and then plotted in Fig. 5(b). 

Fig. 5, also shows that apparently, BB electrons travel deeper 

in CaB6 compared to other materials, and its energy is deposited 

far inside the cathode. However, BB electrons move a short 

distance in GdB6 and accumulate considerable heat near the 

cathode surface. Under the same conditions, the range of BB 

electrons decreases from SrB6 to EuB6, whereas collected heat 

increase. The material densities of the cathode increase from 

2.45 to 5.27 gcm-3 for CaB6, to GdB6, respectively, while the 

corresponding range, for 100 keV electrons, is decreasing from 

65 to 22 m, respectively (see Table I). Such a trend can be 

explained by the effect of the material density in equation 1. 

The range of 100 keV BB electrons in LaB6 and CeB6 are 27 

and 26 m respectively; this small difference can be referred to 

the density difference between the materials ~0.07 gcm-3. 

Comparing the stopping range and the density of between CaB6 

and LaB6 material gives 2.4 times and 52%, respectively. For 

500 keV BB electrons the stopping range of CaB6, LaB6, and 

CeB6 are 0.705, 0.281, and 0.265 mm, which means the range 

of CaB6 is ~2.5 times longer than CeB6 and LaB6.  

Due to an increase in the interaction cross-section of electrons 

with microscopic structure of the dense material, BB electrons 

penetrate a short distance and then deposit high heat (near the 

surface), while, for light, material electrons move longer and 

accumulate less heat (far away from the cathode surface). The 

 

 
Fig. 5. The range and deposited heat calculated from equation 1, for cathode 
materials (a), the deposited energy from 100 keV BB electrons and 

corresponding range (b). 
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Fig. 4. Simulation results for BB electrons in the RF gun, (a) heat deposition 

as a function of the emitted current density, (b) BB electron energy distribution 

on the cathode surface. 
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heat deposition near the cathode surface introduces rapid 

change in cathode temperature and consequently a rapid 

increase of emitted current density during the macropulse 

compared with the heat deposited far inside. As a result, one 

can conclude “from the stopping range and deposited heat 

power point of view, light material is preferable and expected 

to have less effect by BB electrons compared with dense 

materials.” These results suggest that using (Ca, Sr, Ba) B6 as a 

cathode material for T-RF gun will yield a smaller effect by BB 

electrons compared with other materials.  

C. Emission properties of LaB6 and CeB6 

The characterization curves for LaB6 and CeB6 were 

measured at 1700, 1800, and 1900 K; then the results are 

sketched using the Schottky plot by drawing LogJ versus U0.5. 

Fig. 6(a) and (b) show these curves, respectively. From the 

Schottky plot, the current density corresponding to zero applied 

voltage (J0) was determined from the tangent of the current 

density curve at high applied voltage region. Then, the 

Richardson Dushman formula: =kT ln(AT2/J0) was used to 

determine the work function. The tangent for every curve was 

plotted, and the corresponding values of J0 were estimated for 

the materials, see Fig. 6.  

The work functions for LaB6 are estimated at 1700, 1800, and 

1900 K, to be (2.74, 2.77, and 2.86 eV) with an average of 2.79 

eV. For CeB6 the corresponding results are (2.75, 2.85, and 2.96 

eV), with an average of 2.85 eV.  These values are in the range 

of previous studies, for example, 2.91 eV for LaB6 [35]. The 

slight difference found might be attributable to the purity of the 

crystals used. The average values reported above are inserted 

into Table I and used as input parameters for the calculation 

model in the in next subsection.  

D. Change in the cathode temperature and current density  

The work functions and the Richardson constants for the 

cathode materials are inserted in equation 5 to plot the ideal 

emission curves as a function of the cathode temperature (Fig. 

7). For the T-RF gun employed in soft duty applications with 

low peak current requirements <300 mA, thermionic cathode 

might be operated with <10 Acm-2 current density. In this study, 

5 Acm-2 is assumed to be emitted from the cathode before BB 

electrons hit the cathode surface. The initial temperatures 

corresponding to the 5 Acm-2 current density are determined 

from Fig. 7. These temperatures are listed in Table III.  

Two out of ten of the hexaborides, (SrB6, EuB6) are not able 

to emit 5 Acm-2 before their melting points 2509 and 2200 K, 

because of the low value of the Richardson’s constant for SrB6 

and the high working function for EuB6. Thus, those materials 

are excluded from the next steps. The ramping of the cathode 

temperature (T) and current density (J) from the initial 

values for eight hexaborides were calculated from the 

numerical model and shown in Table III. It can be seen from 

the table that T is ranging from 62~94 K for CaB6 to GdB6, 

respectively. This tendency is merely following the cathode 

materials density growth from CaB6 to GdB6. In contrast, T 

for LaB6 and CeB6 are 79 and 71 K even with the fact that the 

density of LaB6 is less than CeB6. This tendency can be 

explained by thermal conductivity differences between the 

materials as shown in Table I. 

The work function of the material has the primary 

responsibility for its emission tendency. The emission slope 

which can be defined as “the change of the current density per 

change in the cathode temperature J/T (Acm-2K-1) is an 

essential indicator for the material stability when studying BB 

effect. In the case of for (Ba, Ca, Nd, and Ce) B6, materials with 

high work functions, a slow growth of the current density is 

introduced as a function of temperature, whereas in the other 

materials, which have low work functions, a sharp current 

density increase is observed (see Fig. 7). The estimated values 

of J range between 4.5 and 13.6 Acm-2 for BaB6 to GdB6. 

Hence, the explored materials could be divided into two groups: 

the first one with J<7 Acm-2, including (Ba, Ca, Nd, and Ce) 

B6, and the second group of materials with J>10 Acm-2, 

comprising (La, Sm, Pr, and Gd) B6. The percentage of J for 

BaB6/GdB6 is 33%, while for BaB6, CaB6 and NdB6 are 42, 50, 

and 59% respectively compared with LaB6.  

The degradation of the cavity voltage is estimated from the 

model by solving the RF gun equivalent circuit. The results 

were in the range between 190 to 405 kV for  BaB6 to GdB6 

respectively. The corresponding decrease of the electron beam 

energy ranged from 95 to 300 keV for BaB6 to GdB6, 

respectively. This tendency followed the beam loading effect, 
TABLE III 

SHIFT IN CATHODE TEMPERATURE AND CURRENT DENSITY  

 CaB6 BaB6 LaB6 CeB6 PrB6 NdB6 SmB6 GdB6 

T0 2240 2397 1783 1817 1745 1924 1766 1683 

T 62 66 79 71 88 92 89 94 

J 5.3 4.5 10.5 6.9 12.3 6.2 11.4 13.6 

 

 
Fig. 6.  The Schottky plot for LaB6 (a) and CeB6 (b) at three different 

temperatures 1700, 1800, and 1900 K, Jo the current density at zero applied 
voltage. 
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this is when the beam current emitted from the cathode during 

the pulse duration increase, the cavity voltage decrease. As a 

result, the energy of the electron beam extracted from the gun 

aperture decrease. Thus, it has a detrimental effect on the 

electron beam properties that injected into the following 

structures in the accelerator systems. An electron beam with 

stable energy is mandatory for any FEL applications [36]. The 

drops of the electron beam energy for BaB6, CaB6, and NdB6 

compared to LaB6 was in the same ratio as the shift in the 

current density. Therefore, from the change of the cathode 

current density and extracted electron beam energy point of 

view, one can conclude that “(Ba, Ca, Nd, and Ce) B6 are less 

affected by BB electrons compared with other hexaborides”. 

The emission slope for investigated RAB6 was calculated to 

be (6.7, 6.8, 8.5, and 9.8) ×10-2Acm-2K-1 for (Nd, Ba, Ca, and 

Ce) B6, respectively. While, the emission slopes are (12.8, 13.2, 

14.0, and 14.4) ×10-2 Acm-2K-1, for (Sm, La, Pr, and Gd) B6, 

respectively. Another fact found is that the relationship between 

the rising of cathode temperature and ramping current density 

was not linear. The expected ramping of beam current for 

(BaB6, CaB6) and (PrB6, GdB6) was two and three times the 

intail beam current before the BB electrons, respectively. This 

is seen in Fig. 3(a), where an increase in the current density 

causes an increase of heat deposition, and hence an elevation of 

the cathode temperature. For applications with high beam 

current (above 10 Acm-2), the operational temperature of the 

cathode is high. As a result, the emission curve becomes sharper 

(Fig. 7). In the case of LaB6 the operational temperatures for 5 

and 10 Acm-2 are 1783, and 1845 K, assuming that the same 

change of cathode temperature occurred, it will cause a 

different shift in current density. BaB6 and CaB6 materials are 

hard to be used as a thermionic cathode for applications of high 

beam current because the elements would reach or approach 

their melting temperatures of 2508 and 2543 K. indeed, operate 

the cathode material near its melting point will increase its 

evaporation rate. As a result, there will be a decrease in its 

lifetime and performance [20].  

Lastly, (Nd, Ce, Sm, La, Pr, Gd) B6 were candidate materials 

for high current density applications before reaching their 

melting points. CeB6 and LaB6 are extensively studied as a 

thermionic cathode material, but not the case for (Nd, Pr, Gd) 

B6 or a mix between hexaborides. It is reported that LaB6 

emission performance improved when combined with Ba, Sr 

[22], Eu [37], Ce in the form (Ce0.25La0.75B6) [38], Pr 

(La0.3Pr0.7B6) and Nd (La0.3Nd0.75B6) [39]. Due to increasing the 

concentration of large hexaborides in LaB6 lattice, make inter 

compound electronic structure change and material density. 

Hexaborides in the form RAxRA*
1-xB6 are expected to give 

better performance, from the thermionic emission point of view 

with less work. However, further analysis of other physical and 

chemical properties are still needed before implementing them 

as the cathode material in real research or user facilities. As a 

good suggestion for this complex, Ca-LaB6 could have less 

density and low work function and is thus expected to reduce 

the BB electrons in T-RF guns.  

Overall based on this study, BaB6, CaB6, and NdB6 are 

expected to have less affect by BB electrons for low beam 

current applications compared with other materials. NdB6, 

CeB6, and SmB6 are candidates for high beam current 

applications. Consequently, it is advisable to subject (Ba, Ca, 

Nd, and Sm) B6 to a real test with T-RF gun to compare their 

performance and its BB electrons effect with LaB6. 

V. CONCLUSIONS  
An extended evaluation model has been performed to explore 

the effect of BB electrons on ten hexaborides. The model 

includes tracing BB electrons inside a 4.5-cells T-RF gun using 

simulation codes to understand BB electrons behavior. Then the 

influence of cathode materials density on the stopping range 

and heat deposited was investigated using a semi-empirical 

equation. The work functions of LaB6 and CeB6 were 

experimentally determined and used in the model. Finally, the 

ramping of cathode temperature and current density with 

degradation of the cavity voltage and electron beam energy 

were estimated.  

The results of stopping range and heat deposition revealed 

that light materials are expected to have less influence by BB 

electrons and vice versa. Also, based on the ramping of current 

density results, elements with higher work function have less 

effect by BB electrons. From the emission slope point of view, 

RAB6 can be arranged as (Nd, Ba, Ca, Ce, Sm, La, Pr, Gd) B6, 

which means materials with less emission slope are more stable 

against temperature and current density changes during the 

macropulse.  

In conclusion, the present study suggests using of (Ba, Ca, 

Nd,) B6 materials for T-RF gun employed in low beam current 

applications, because they are less affected by BB electrons: 42, 

50, 59%, respectively, compared with LaB6. However, for 

higher beam current applications >10 Acm-2, (Nd, Ce, Sm) B6 

are recommended. The results also suggest that further work is 

needed on the (Ca, Ba, Nd, Sm) B6 compounds to verify their 

performance regarding their BB electrons effect in comparison 

with LaB6 and performance of these compounds mixed. 
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