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Abstract. Natural rubber vulcanization using electron beam is one of interesting applications of
electron accelerators with an energy in a range of a few hundred keV to a few MeV. At the
Plasma and Beam Physics (PBP) Research Facility, Chiang Mai University, a 4-MeV radio-
frequency (RF) linear accelerator is developed for utilizing in natural rubber vulcanization. To
accelerate the vulcanization process, cross-linking agents are added in a natural rubber latex to
increase the bonding probability between the chains of rubber molecules. This research used a
Monte Carlo based program GEANT4 to simulate the electron absorbed dose in a mixture of
natural rubber latex and cross-linking agents. The initial electron energy distributions were
obtained from the beam dynamic simulation in the accelerator, which were done with program
ASTRA. The initial electron beams have average energy in the range of 0.70 to 4.02 MeV at the
position 6 cm prior the 50-um titanium vacuum window foil. The air gap between the vacuum
window to the natural rubber latex was set at 18 cm. The electron beam transportation in the
titanium foil, air gap and a mixture of natural rubber latex were simulated. The cross-linking
agents that are added in the natural rubber latex are ethylene glycol dimethacrylate (EDMA) and
1,6-hexanediol-diacrylate (HDDA). Finally, electron absorbed dose distributions in both
transverse direction and along the depth of the natural rubber latex mixed with each cross-linking
agent were calculated and analyzed. The results from this work can be used for experimental
planning of electron beam irradiation on the natural rubber latex with appropriate cross-linking
agents and electron absorbed dose.

1. Introduction

Natural rubber is one of the most important export products of Thailand. It is originally derived from
the milky colloid latex produced by a rubber tree with the scientific name “Hevea brasiliensis”. The
natural rubber consists mainly of polymer chains of isoprene, which are called polyisoprene. The
important reaction for the natural rubber is vulcanization. This reaction is a chemical process to
transform the natural rubber latex into a durable material. Generally, sulfur is widely used for



vulcanizing the natural rubber latex. However, heating process is necessary during the vulcanization
with sulfur. This condition can lead to degradation problem of the rubber product when it is in high
temperature environment again after the forming process [1]. This differs from vulcanization with
electron beam, which can happen at atmospheric pressure and room temperature. Moreover, this process
can break molecule chains of protein that may cause allergy and there is no any toxic waste produced
during the process.

When the electron beam passing through the natural rubber latex, the accelerated electrons with
enough kinetic energy will break the chemical bonds between carbon and hydrogen in the polyisoprene.
This results in the generation of free radicals and bonding between the chains of the radical polyisoprene
[2]. Furthermore, cross-linking agents are added in the rubber latex prior the electron beam irradiation.
Molecules of the crosslinking agents can be bonded between the radical polyisoprene that can increase
the probability of vulcanization. This research focuses on simulation of electron beam in a mixture of
natural rubber latex and cross-linking agents. The varied electron beams are produced by a 4-MeV RF
linear accelerator, which is developed at the PBP-CMU Electron Linac Laboratory of the Plasma and
Beam Physics Research Facility, Chiang Mai University.

2. Simulation setup

A Monte Carlo based program GEANT4 [3] was used to simulate the electron beam in the irradiation
system. Initial electron beam distributions at the position 6 cm prior the 50-um titanium vacuum window
foil were obtained from the beam dynamic simulation with the program ASTRA [4]. They have mean
energies from 0.70 to 4.02 MeV with energy step of about 0.5 MeV. Our accelerator can produce
electron beam with 4-us macro-pulses, which contain 2998 micro-bunches per microsecond. Hence,
there are about 12,000 micro-bunches in one macro-pulse. The beam dynamic simulation result
suggested that each micro-bunch has 2.061x108 electrons. It is noted that the number of electron macro-
pulses per second can be varied from 10 to 200 pulses. Thus, the number of electrons can be varied from
2.061x10° to 4.122x10% electrons. The large number of electrons needs an enormous computer memory
and time for simulation. Optimization of number of electrons for reliable simulation results with
reasonable simulation load and time was done [5]. It was found that the simulations with number of
electrons equal or greater than 10° particles provided good resolution of simulation results. The
simulated values such as total kinetic energy, deposited energy and absorbed dose for more electron
number can then be scaled to the results from simulation with 10° electrons. Due to limitation of our
computer capability, we used this optimal number of electrons (10° particles) in all GEANT4
simulations. Examples of energy spectrum for initial electron beam distributions with low energy (1.51
MeV) and high energy (4.02 MeV) are shown in fig. 1.
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Figure 1. Examples of energy spectra for initial electron beam distributions with average
energy of (a) 1.51 MeV and (b) 4.02 MeV.
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Figure 2. The geometry layout of the electron beam irradiation system generated by
program GEANT4.

The geometry layout of this simulated system, which was generated by the program GEANT4, is
illustrated in fig. 2. The air gap between the titanium window and the natural rubber latex was set at 18
cm and the volume of the natural rubber latex was 5 cm x 5 cm x 3 cm.

3. Simulation of electron beam total energy from the accelerator to the natural rubber latex

The total kinetic energy of electron beams along the longitudinal axis (z-axis) from the linac to the
natural rubber latex are calculated and two examples’ results are shown in fig. 3. The energy presented
in fig. 3 is already scaled to the total kinetic energy of electrons in a macro-pulse. From these graphs,
the total kinetic energies are quite constant in the vacuum (z = 0 to z = 6 cm) and they are suddenly
decreased when the electron beams pass through the titanium vacuum window (z = 6 cm). Then, the
total kinetic energies are decreased continuously in the air gap between the titanium foil and the natural
rubber latex (z = 6 cm to z = 24 cm). The total kinetic energies at the natural rubber latex for the initial
electron beams with average energies of 1.51 MeV and 4.02 MeV are 97.3% and 98.8% of their initial
values, respectively. In addition, percentages of the total kinetic energy at the natural rubber latex surface
compared to that at the initial position for each average kinetic energy are presented in Table 1.

1.88 4.97
% 1.87 % 4.96
= =
= o 5
= 1.86 5 4.95
2 1.85 B 4.94
C o184 S 4.03
£ 8
= g
g 183 £ 492
= =
S 1.82 S 4901
1.81 4.90
0.0 6.0 12.0 18.0 24.0 0.0 6.0 12.0 18.0 24.0
z (em) z (cm)
(@) (b)

Figure 3. Total kinetic energies of electrons per macro-pulse along the z-axis from the accelerator
to the natural rubber latex for the initial electron beams with average energy of (a) 1.51 MeV and
(b) 4.02 MeV.



Table 1. Percentages of the total kinetic energy of electron beam at the natural
rubber latex surface compared to the total kinetic energy of initial electron beam
for each average energy.

Average Kinetic energy Percentage of total Kinetic energy at the
of initial electron beam natural rubber latex surface compared to the

(MeV) total kinetic energy of initial electron beam (%)
0.70 93.8
1.03 92.6
151 97.3
1.96 97.8
2.50 98.2
3.03 98.5
3.51 98.7
4.02 98.8

4, Simulation of electron dose in a mixture of natural rubber latex and cross-linking agents
Absorbed dose is the quantity of radiation energy deposited in absorber material per mass. Results of
electron absorbed doses per macro-pulse along the depth of the natural rubber latex for different electron
beam average energies are presented in fig. 4. The results show that the higher electron beam energies,
the larger electron absorbed dose and the deeper beam penetration.
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Figure 4. Absorbed doses per macro-pulse in Figure 5. Absorbed doses per macro-pulse in
natural rubber latex for initial electron beams a mixture of natural rubber latex and cross-
with different average energies from 0.70 to linking agents for electron beam with the
4.02 MeV. average kinetic energy of 4.02 MeV.

Furthermore, cross-linking agents, which are ethylene glycol dimethacrylate (EDMA) [6] and 1,6-
hexanediol-diacrylate (HDDA) [7], are added in the natural rubber latex (NR) with an amount of 12 phr
(parts per hundred rubber). Simulation results for electron beam with maximum average kinetic energy
of 4.02 MeV in fig. 5 show that electron absorbed doses in the mixture of natural rubber latex and each
cross-linking agent are not significantly different compared to that in the pure natural rubber latex. This
is because the Monte Carlo simulation in GEANT4 is only based on the composition and density of
material. Addition of small amount of the cross-linking agents does not significantly change the density
of the rubber latex. Their influences on natural rubber cross-linking efficiency are only based on the
bonding between the radical polyisoprene and their molecules.



Examples of transverse distributions of the electron absorbed dose for the pure natural rubber latex
and the mixtures with cross-linking agents are presented in fig. 6. The results show that the maximum
absorbed dose at the depth of 1.2 cm is about 32% higher than that at the rubber surface.
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Figure 6. Transverse distributions of absorbed doses per macro-pulse in (2) NR, (b) NR+EDMA and
(c) NR+HDDA for 4.02 MeV electron beam at the rubber surface and at the depth of 1.2 cm.

5. Conclusion

Monte Carlo simulations with program GEANT4 were performed to study transportation of electron
beams from the accelerator to the natural rubber latex. The results suggest that the total kinetic energy
at the natural rubber latex surface is 98.8% of the initial kinetic energy for the electron beam with the
maximum average energy of 4.02 MeV. The electron absorbed dose distributions in both transverse
directions and along the depth of natural rubber latex were investigated. Even though the cross-linking
agents EDMA and HDDA are added in the natural rubber latex, the absorbed doses are not significantly
changed. In addition, the transverse dose distributions are not uniform, which can cause the non-uniform
cross-linking rate in the rubber latex. Therefore, the flattening filter prior the rubber latex surface is
necessary to enlarge and modify the transverse distribution of electron absorbed dose to be more
uniform.
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