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Abstract: Some types of filaments sold commercially are made of tungsten and a lanthanum 
hexaboride (LaB6) with a lifetime of approximately 30-100 hours and > 1000 hours, respectively. The 
lifetime of filament significantly affects the effective operation time of one year on Electron Beam 
Machines (EBM) used for the vulcanization of natural rubber latex. Therefore, this study aimed to 
empirically determine the Radiation Vulcanized Natural Rubber Latex (RVNRL) capacity using one 
EBM unit with electron gun made of tungsten filament or LaB6 at maximum and safe operating 
conditions (e-beam energy, E = 250 keV, e-beam current, I = 1 mA, and the distance from the window 
to the NRL film, ta = 3 cm). RVNRL capacity was determined using empirical equation containing 
several process condition variables and EBM technical specifications. The results showed that using 
tungsten or LaB6 as materials for filament produced RVNRL capacity of 20.22 tons/year or 36.92 
tons/year, respectively. This showed that empirical calculation of RVNRL capacity could be used to 
determine the amount of EBM at a certain RVRNL production level. 
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1. Introduction 

Natural rubber latex (NRL) is a milky white biopolymer latex derived from Hevea brasilliensis 
Muel.Arg. The NR molecule consists of cross-linked isoprene units that form a cis-1,4 polyisoprene 
structure (Baudoin et al., 2025; Lonartz et al. 2023; Andrade et al., 2022; Lehman et al., 2022; Yamano 
et al., 2021; Andler, 2020; Kim et al., 2020; Cifriadi et al., 2017; Junkong et al., 2017; Harahap et al., 
2015; Singh et al., 2015; Che et al., 2013; Tosaka et al., 2006; Trabelsi et al., 2004). Based on statistical 
data in 2019, World natural rubber (NR) production was 13,804 million tonnes, which would 
increase by 2.7% annually (Muktaridha et al., 2021). Vulcanized natural rubber latex (VNRL) with 
sulfur, contains carcinogenic compounds such as N-nitroso morpholine, 4-nitroso morphine, and 
dimethylnitrosamine, which in parts per billion (ppb) can cause cancer (Li and Hecht, 2022; Li et 
al., 2021; Widiyati and Poernomo, 2018; Radford et al., 2013). 
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The cross-linking process using irradiation has numerous advantages and can be applied to 
improve materials performance (Febriasari, et al., 2021). Specifically, the cross-linking of poly-
isoprene in RVNRL process is stronger compared to VNRL process with sulfur. In RVNRL, there is 
a direct cross-linking between carbon atoms without going through a sulfur atom with a bond 
energy of around 58.6 kcal/mol. This C-C bond is a significantly larger carbon-sulfur bond energy 
of approximately 27.5 kcal/mol (Marsongko, 2013). 

Filament materials that are widely used as electron sources in Electron Beam Machines (EBM), 
Scanning Electron Microscope (SEM) analysis equipment, and Electron Microscope Transmission 
(TEM) are tungsten and LaB6. The raw materials for making LaB6 is lanthanum oxide (La2O3), which 
is a light rare earth oxide (LREO) (Trisnawati et al., 2020; Samin et al., 2020). Moreover, the lifetime 
of tungsten and LaB6 filament is 30-100 hours and > 1000 hours, respectively, as shown in Table 1 
(EMS, 2023; Poernomo and Saptaaji, 2012). 

 
Table 1 Characteristics of LaB6, CeB6, and Tungsten filaments 

Parameter LaB6 CeB6 Tungsten 

Brigtness (A cm-2 sr-1) 107 107 106 
Short-term beam current stability 

(%RMS) 
< 1 < 1 < 1 

Typical service life (hr) 1000+ 1500+ 30-100 
Operating vacuum (torr) 10-7 10-7 10-5 
Work function (eV) ~ ~ 4.5 
Evaporation rate (g cm-2 sec-1) 2.2x10-9 1.6x10-9  

 
One of the existing low-energy tungsten filament-based EBMs in Indonesia was specifically 

designed for RVNRL process. The design specifications included electron beam energy E = 300 keV, 
electron beam current I = 20 mA, window size (width s = 6 cm, length L = 60 cm), Ti window foil 
thickness tw = 20 μm, absorbed dose D = 50 kGy (Darsono et al., 2024; Darsono, 2009). 

EBM performance has been tested with initial design specifications of 300 keV/20 mA by 
measuring the maximum voltage and current that can be achieved under safe EBM operating 
conditions. The output electron beam energy and current that can be safely achieved are E = 250 
keV and I = 1 mA, respectively (Sukaryono, 2021). The EBM that has been tested under safe 
conditions with a maximum operating condition of 250 keV/1 mA is shown in Figure 1 (Darsono, 
2009; Suprapto and Djoko, 2007). 

 

Figure 1 The EBM for RVNRL at maximum operational test conditions of 250 keV/1 mA 
 
The irradiation vessel system presented in Figure 1 has weaknesses, including: 

• The top NRL thin layer irradiated with electron beam will receive a repeated bombardment 
of electron beam, which causes the NRL to become hot and leads to NRL degradation. 
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• During stirring, the foam may form in the NRL. The froth can reduce the quality of irradiated 
latex because most of the e-beam will be absorbed by the foam that appears, reducing the cross-
linking process of isoprene in NRL to poly-isoprene. 

• The rubber seals on the stirrer rotor interact with chemical reactants such as n-BA, KOH, and 
ammonia in NRL. This interaction can accelerate damage to the rubber seals, causing NRL leakage 
from the irradiation vessel. 

A solution has been identified to address the problem of irradiated NRL degradation due to the 
influence of the long irradiation time and temperature that arises in RVNRL process, as shown in 
Figure 1. This includes shooting the NRL film on a conveyor belt with electron beam from EBM at 
a certain speed and a maximum distance of 3 cm, as shown in Figure 2 (Kovalskiy, 2017). 

 

Figure 2 EBM 200 keV/26 A of prototype based on e-beam from plasma cathode for RVNRL process 
using belt conveyor 

 
The maximum window distance to the surface of the NRL film, which is irradiated with electron 

beam produced from EBM with specifications of 200 keV/26 A is ta = 3 cm, as shown in Figure 2. 
The condition ta = 3 cm is used as a database to determine the effect of ta = 1, 2, 3, 4, and 5 cm on 
RVNRL capacity using EBM 250 keV/1 mA. 

RVNRL capacity is an important characteristic that can be used to determine the number and the 
specifications of EBM required in calculating the capital investment plan. Moreover, the 
determination of RVNRL capacity can be carried out from several empirical equations that are 
affected by numerous variables such as EBM data characteristics, chemical and physical properties 
of latex, and other operating conditions. 

The difference in the service life of tungsten filament and LaB6 in EBM can affect the amount of 
NRL irradiated by electron beam per unit time, which is expressed by RVNRL capacity. Moreover, 
the novelty of this study is to determine the effect of tungsten and LaB6 as electron sources in EBM 
irradiator with 250 keV/1 mA on RVNRL capacity. This is an important parameter to determine 
the performance of the EBM irradiator. The purpose of this study was to compare these two types 
of filament materials as electron source in the EBM irradiator based on RVNRL capacity calculation 
results from empirical equation with the maximum EBM operating conditions of 250 keV/1 mA. 
The results were expected to serve as input data for the potential users to determine the number of 
EBM that could be used for RVNRL plant’s production capacity design in Indonesia. 

2. Methods 

2.1. Determining electron beam penetration before passing window foil 
The determination of electron beam penetration is carried out to assess the depth in material. 

Specifically, electron beam penetration is a dose control parameter in irradiating a material to 
ensure uniform absorption and maintain homogeneous quality. In this context, the relative dose 
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compares the value absorbed during irradiation to the maximum dose. The reach of electron beam 
produced by filament as electron source in the EBM (R, g/cm2) is expressed by the following 
equation (Saptaaji, 2008): 

𝑅 =  0,412  𝐸𝑛                                                                        (1) 

with, E = electron beam energy (MeV). Under conditions: 0.01 <E < 2.5 MeV, then the 𝑛 is 
determined by: 

𝑛 =  1,265 −  0,094 𝑙𝑛 𝐸                                                        (2) 

The energy absorbed in material has an uneven distribution, showing that the power absorbed 
per volume unit is a distance function. Empirically, beam power absorbed by the unit volume 𝑝𝐴 at 
a distance z is expressed as follows (Saptaaji, 2008):  

𝑃𝐴/𝑃𝐴𝑚𝑎𝑥 =  1 − 9/4 (
𝑧

𝑅
−

1

3
)

2

                                                           (3) 

where 𝑝𝐴𝑚𝑎𝑥  is the maximum value of absorption power per unit volume at electron penetration 
z of R/3 on the surface, z is penetration of electron beam generated by filament as a source of EBM 
electron ranging from 0 g/cm2 to (R, g/cm2) at conditions of E. 

2.2. Determining electron beam penetration after passing window foil  
Heat accumulation occurred in the NRL film when applied with electron beam causing water 

evaporation. The water vapor on the surface of the NRL film affected the penetration of electron 
beam. Moreover, the amount of electron beam penetration after passing through the window and 
the air gap (P1) could be determined using the equation: 

)](()[( aaww ttPP  +−= 01            (4) 

with, P0 = penetration of electron beam before passing through the window (g/cm2), 𝑡𝑤 = window 
foil thickness (cm), 𝜌𝑤 = window foil density (g/cm3), 𝑡𝑎  = air gap thickness containing water vapor 
in the top of the NRL film (cm), and 𝜌𝑎 = the density of air (g/cm3). 

Electron beam that penetrates the NRL is backscattered, ionized, and excited. Subsequently, as a 
technical factor, the penetration of electron beam is taken = 0.9×P0, and equation (4) becomes 
(Poernomo and Saptaaji, 2012): 

)]()[( aaww ttPP 0  +−= 0.92           (5) 

2.3. The maximum thickness of NRL film that can be penetrated by electron beam 
The amount of electron beam penetration after passing through the window, the air gap, and the 

NRL film can be determined using the equation (Poernomo and Saptaaji, 2012): 

)](()(()[(
llaaww tttPP 0  ++−= 0.93           (6) 

with, 𝑡𝑙 = thick thin layer of latex (cm), 𝜌𝑙= latex density (g/cm3). 

The ideal penetration of electron beam on the NRL film is when all electron beam can penetrate 
and interact with the NRL, with P3 = 0.  

)]()()[(
llaaww tttP0  ++−= 0.90           (7) 

From equation (7), the thickness of the NRL film that can be penetrated by electron beam (tl) is 
determined using the equation (Widiyati and Poernomo, 2022):  

laawwl
ttPt  /)]]()[(9.0[ +−= 0           (8) 

2.4. Calculating RVNRL capacity 
The correlation between velocity 𝑣 (m/sec) materials irradiated with electron beam energy E 

(MeV), beam current 𝐼 (mA), the efficiency factor  (%), penetration of electron beam in material 𝑃𝑡 
(g/cm2), absorbed dose 𝐷 (kGy or kJ/kg or kW.sec/kg), wide of scanning horn, 𝑠 (m), was 
explained in the following equation (IAEA, 2010): 
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)10/()( sDPIE = 1v           (9) 

The flow rate of the RNL film above the irradiated belt conveyor (Widiyati and Poernomo, 2022; 
2018) 

𝐹 =  𝑣  𝐴                                                                            (10) 

With, 𝐹 = flow rate in the NRL films on the belt conveyor (cm3/sec), 𝐴 = area of NRL film with 
the thickness as electron beam penetration (cm2). Consequently, the rate of latex film corresponding 
to electron beam penetration is as follows: 

𝐹 =  𝑣  (𝑡𝑙   𝐿)                                                                 (11) 

With, 𝐿 = the window length (cm). Capacity of RVNRL (C, g/sec) is as follows: 
𝐶 =  𝐹  𝜌𝑙                                                                           (12) 

3. Results and Discussion 

3.1. RVNRL uses EBM with a continuous electron beam from filament-based electron source of 
tungsten or LaB6 materials 

RVNRL production process uses 330 days or 7920 hours of operation, with a tungsten filament 
lifetime of 100 hours, requiring replacement approximately 79 times/year. Using LaB6 filament with 
a lifetime of 1000 hours, the replacement is approximately 8 times per year. Each time the start-up 
is re-conducted in EBM filament post-replacement, achieving the desired vacuum condition 
requires a vacuum pump operation time of approximately 2 hours. Additionally, the window foil 
needs replacement during the continuous operation of the EBM. It is predicted that every time 
replacements of filament, window foil, and re-conditioning in the vacuum system requires a total 
time of 2 days: 

• The number of effective days in one operational process year of RVNRL = 330 ─ (2 × 79) = 172 
days (using tungsten filament). 

• The number of effective days in one operational process year of RVNRL = 330 ─ (2 × 8) = 314 
days (using LaB6 filament). 

3.2. The results of calculations of electron beam penetration (Po) before window foil on filament-
based EBM 

The dose distribution of electron beam penetration in the NRL film is needed to determine 
penetration depth. By using equations (1) and (2) at an energy of 0.250 MeV, the value of R is 0.059 
g/cm2. With electron beam penetration (𝑧) starting at 0 g/cm2 to 0.05 g/cm2, pA/pAmax can be 
obtained from equation (3). Electron beam penetration is a key dose control parameter for 
irradiating materials to ensure homogeneity and maintain irradiation quality. This results in 
pA/pAmax = D/Dmax, where Drelative = D/Dmax represents the relative dose. The relative dose is the 
ratio of the absorbed dose during irradiation to the maximum dose. Moreover, the correlation of z 
with Drelative obtained in this study is shown in Table 2. 
 

Table 2 Correlation of z to 𝐷𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 

z (g/cm2) Drelative 

0.000 0.750 
0.010 0.938 
0.020 1.000 
0.030 0.935 
0.040 0.742 
0.050 0.423 

 
From Table 2, the curve of relative dose distribution (Drelative) vs. electron beam penetration (z) 

can be constructed, as shown in Figure 3, with D/Dmax = Drelative. 
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Figure 3 Drelative vs. z at maximum operation condition EBM of 250 keV/1 mA 

 
The determination of Po was carried out at electron beam energy of 250 keV. At Drelative = 0.75, a 

straight line is drawn to cut the curve. Subsequently, a straight line is drawn from the point of 
intersection to intersect the abscissa of z on the points Po of 0.0395 g/cm2. 

3.3. The results of calculations of RVNRL capacity using EBM with filament-based electron sources 
Empirical calculation of RVNRL capacity on EBM under safe operating conditions 250 keV/1 

mA for tungsten and LaB6 are 172 effective days/year and 314 effective days/year, respectively. 

Based on data such as E = 250 keV, I = 1 mA, s = 6 cm, L = 60 cm, D = 50 kGy,  = 60%, 𝜌𝑎 = 0.00112 
g/cm3, 𝜌𝑙 = 0.913 g/cm3, tw = 20 μm, and 𝜌𝑤= 4.6 g/cm3, the effect of ta and C can be determined 
using equations (4), (8), (9), (11), and (12), as shown in Figure 4. 

 
Figure 4 The effect of ta and EBM filament materials on the C for EBM operates at E = 250 keV, I = 
1 mA, and D = 50 kGy 
 

The selection of distance from the window to the NRL film (ta) in the EBM operation is 250 keV/1 
mA. This is safely adopted from the operating conditions of the plasma cathode-based EBM, which 
has been successfully tested in Russia for RVNRL process with ta = 3 cm, as shown in Figure 2 

(Kovalskiy, 2017). Based on data such as E = 250 keV, s = 6 cm, L = 60 cm, D = 50 kGy,  = 60%, 𝜌𝑎 
= 0.00112 g/cm3, 𝜌𝑙 = 0.913 g/cm3, ta = 3 cm, tw = 20 μm, 𝜌𝑤= 4.6 g/cm3, the effect of I and C can be 
determined from equations (4), (8), (9), (11), and (12), as shown in Figure 5. 
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Figure 5 The effect of I and EBM filament materials on the C for EBM operates at E = 250 keV, ta = 
3 cm, and D = 50 kGy 

 
Figure 5 demonstrates that higher electron beam current increases RVNRL capacity, which is 

crucial for maintaining performance during EBM operation. With greater electron beam current, 
the linear speed of NRL on the conveyor belt increases, leading to higher RVNRL capacity. Using a 
tungsten filament under optimal EBM conditions (at E = 250 keV, I = 1 mA, and ta = 3 cm) results 
in a capacity of 18.70 tons/year, while using LaB6 increases it to 34.15 tons/year.  

The results of the absorbed dose calculation on the development of 250 keV and 300 keV filament 
EBM in Japan for each RVNRL process resulted in D = 168 kGy and 81 kGy, respectively (Poernomo 
and Saptaaji, 2012). This showed that EBM based on tungsten filament or LaB6 could operate safely 
at a maximum condition of 250 keV/1 mA and adjusted the absorbed dose to 50, 75, 100, 125, and 

150 kGy. Based on data such as E = 250 keV, I = 1 mA, s = 6 cm, L = 60 cm,  = 60%, 𝜌𝑎 = 0.00112 
g/cm3, 𝜌𝑙 = 0.913 g/cm3, ta = 3 cm, tw = 20 μm, 𝜌𝑤= 4.6 g/cm3, the effect of D and C could be obtained 
from equations (4), (8), (9), (11), and (12), as shown in Figure 6. Figure 6 shows that lower absorbed 
dose in the EBM correlated with greater RVNRL capacity. The specific value used for tl was 0.0114 
cm when obtaining data in Figures 4-6 under conditions such as E = 250 keV, I = 1 mA, ta = 3 cm, 
and D = 50 kGy.  

 
Figure 6 The effect of D and EBM filament materials on the C for EBM operates at E = 250 keV, I = 
1 mA; and ta = 3 cm 
 

The results of empirical capacity calculations of RVNRL with tungsten or LaB6 filament EBM are 
shown in Figures 4, 5, and 6. However, these results should be supported by the quality of 
experimental data of RVNRL such as crosslink density, tensile strength, elongation at break, and 
modulus of elasticity (Ahmed and Sabbagh, 2015; Ahsan et al., 2015; Junian et al., 2015; Soiket et al., 
2015; Roslim et al., 2012). The initial design of 300 keV/20 mA EBM for RVNRL can be improved in 
performance to achieve operating conditions with E > 250 keV and I > 1 mA. This is achieved by 
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replacing several important tool components according to manufacturer standards to ensure safe 
operating conditions of EBM. 

4. Conclusions 

In conclusion, this study showed that RVNRL capacity for EBM under safe operating conditions 
of E = 250 keV and I = 1 mA, varied significantly based on filament. Using a tungsten filament with 
a lifetime of 30-100 hours, RVNRL capacity was C = 20.22 tons/year. Meanwhile, the selection of 
LaB6 as electron source produced 36.92 tons/year. These results provided valuable data input in 
determining the amount of EBM required to calculate capital expenditure for constructing RVNRL 
plant using EBM in Indonesia. 
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