
PRESENT STATUS OF LINEAR ACCELERATOR SYSTEM FOR  
NATURAL RUBBER VULCANIZATION AT CHIANG MAI UNIVERSITY  

C. Thongbai1,2 *, S. Rimjaem1,2, J. Saisut1,2, P. Jaikaew1, N. Khangrang1, E. Kongmon1,  
P. Wongkummoon1, M.W. Rhodes2 

1 Plasma and Beam Physics Research Facility, Department of Physics and Materials Science,  
Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand  

2 Thailand Center of Excellence in Physics, Ministry of Higher Education, Science,  
Research and Innovation, Bangkok 10400, Thailand 

  

Abstract 
At the Plasma and Beam Physics (PBP) Research Facil-

ity, Chiang Mai University (CMU), an electron beam ac-
celerator system for natural rubber irradiation has been un-
der development and is currently under the commissioning. 
The research project is carried out with the aim to modify 
an old medical linac, retired from the clinical operation, for 
rubber latex vulcanization and materials irradiation using 
electron beams. The accelerator system consists of a DC-
thermionic cathode electron gun, a standing-wave RF lin-
ear accelerator, an RF system, a control system, beam di-
agnostic systems, and an irradiation system. The compo-
nents were completely assembled, and the RF system was 
tested. The RF processing has been performed and some of 
the electron beam properties have been measured. This 
contribution presents some experimental results while de-
veloping and testing the various sub-systems of this accel-
erator. The present status of development and some vulcan-
ization results will also be reported in this contribution. 

INTRODUCTION 
The radio-frequency (RF) linear accelerator (linac) sys-

tem for natural rubber vulcanization has been developed 
and is currently under the commissioning at the Plasma and 
Beam Physics Research Facility, Chiang Mai University, 
Thailand [1]. The system aims to generate electron beams 
for induction of cross-linking in natural rubber latex at 
room temperature as an alternative to a conventional sulfur 
vulcanization. Not only does the sulfur vulcanization re-
quire high temperature, but it also needs some chemical for 
activation and acceleration of crosslink reaction [2,3]. 
Moreover, the rubber vulcanization using an electron beam 
has high potential to reduce extractable proteins which is 
possible to cause allergy to the consumers [4].  

The accelerator system was constructed using parts from 
the 4 MeV medical electron linac system model Mitsubishi 
ML-4M [5], retired from clinical operation at Maharaj Na-
korn Chiang Mai Hospital. The main components of the 
accelerator system are a DC gun, an RF linear accelerator, 
a magnetron with waveguide components, a modulator 
system, a control unit, and irradiation system as the dia-
gram shown in Fig. 1. The layout of the system is illus-
trated in Fig. 2.  

 

 
Figure 1: Diagram of the RF-linac system for natural rub-
ber vulcanization at Chiang Mai University. 

 
Figure 2: Layout of the accelerator system consisting of a 
DC-gun, a linac, a magnetron and a conveyor under the 
beamline. 

RF AND ACCELERATOR SYSTEMS 
The RF system consists of a modulator unit, a magne-

tron, and waveguide components. Within the modulator 
unit, there are a pulse forming network (PFN), a pulse 
transformer, a trigger board, and a thyratron switch. The 
modulator provides high voltage pulses for the DC electron 
gun, and for the magnetron. A variac (VAR) was added to 
the RF system, as shown in the diagram in Fig.1, to control 
the charging voltage for the PFN. Having linear relation to 
the output RF power, the magnetron RF power can then be 
adjusted via the VAR adjustment. From the RF  ____________________________________________  
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measurement, the magnetron can provide RF peak power 
of 0.6-1.6 MW with the VAR% of 60% to 85%. The mag-
netron can generate RF signals in the frequency range of 
2988 MHz to 3002 MHz depending on tuner position. The 
RF pulses have the width around 4 µs pulse and the repeti-
tion rate can be adjusted within 10-200 pulse per second. 
More details of the RF system were reported in Refs [6, 7]. 
The RF wave from the magnetron is then transported to the 
linac via a WR-284 rectangular waveguide system filled by 
SF6 with a ceramic RF window.  

The accelerator unit consists of a DC electron gun with 
a thermionic cathode, a 5-cell standing wave linear accel-
erator, and a beam diagnostics system. The RF characteris-
tics of the linac structure were investigated and reported in 
Ref [1, 7]. At the operating temperature of 35 °C, the reso-
nant frequency of the linac is 2996.82 MHz. The relative 
electric field distribution along the axis in the linac cavities 
was obtained from bead pull measurements. The measured 
field distribution was employed in beam dynamics simula-
tion using the space-charge particle tracking code ASTRA 
[8]. The simulation results showed that the modified accel-
erator system can generate beam energy from 1 to 4 MeV 
depending on a given RF power [1, 7]. The cathode manu-
factured by Heat-Wave Labs, Inc. [8] was installed and the 
cathode processing was completed.  

Beam diagnostic instruments: a faraday cup and phos-
phor screen, were installed after the linac structure to me 
asure the beam currents and to monitor the beam. The beam 
energy measurements were conducted with the system con-
sisting of the phosphor screen, a steering magnet an IP 
camera. For the RF power of 0.8 MW - 1.60 MW, the elec-
tron beam energy range from 2.2 MeV to 3.2 MeV 

BEAM IRRADIATION SYSTEM  
The results from beam dynamic studies were also used 

to define the initial beam conditions in Monte Carlo simu-
lations with program GEANT4 [9]. Electron beam proper-
ties after exiting the Ti-window as well as the beam pene-
tration depth and dose distribution in the natural rubber la-
tex were studied. Moreover, some beam modification de-
signs for the irradiation system were investigated, includ-
ing beam sweeper [1], quadrupole magnet [10], and flat-
tening filter [11]. However, the Monte Carlo simulation re-
ported that after exiting the accelerator system through the 
titanium window, the beam scattered with large divergence 
angle and the beam size became large enough for irradia-
tion without beam sweeping. [12]. During the commission-
ing, the irradiation experiments were conducted without 
any beam modification system.  The irradiation system 
consists of a 50-μm thick titanium window an adjustable 
speed conveyer. The conveyor can be moved linearly by 
using a stepping motor, controlled with the in-house devel-
oped computer interface and software. The conveyer con-
troller can specify moving direction, speed, and distance as 
well as pause time for irradiation. 

An important specification for an irradiation system is 
the absorbed dose per unit time. The dose measurement 
was performed using B3 RisøScan Dosimetry System from 
GEX cooperation [13].  The B3 film is a radiochromic film, 

which its material turns from clear to deepening shades of 
pink or magenta color associated with exposure to sources 
of ionizing radiation.[14]. The optical scan images of B3 
film dosimeters can then be analized by RisøScan software.  

The accumulation doses on B3 films, placed at 5 cm be-
low the titanium window were measured and the dose rate 
was 6 kGy per min, in the experiment. Dose distribution on 
the films showed that the dose cover uniformly over a cir-
cular area with 1.5 cm diameter. The penetration depth 
which is another important information for irradiation pro-
cess was investigated and is reported in Ref [15]. For a 
larger volume, irradiation over a long rubber latex con-
tainer can be done by moving the conveyor corresponding 
to the requirement.   

VULCANIZATION EXPERIMENTS  
Natural rubber latex vulcanization by electron beam is 

done without heating and in the absence of vulcanization 
agents such as sulfur. [1-4] The absorbed dose that is re-
quired for cross-linking in polymer materials is in the range 
of 50-150 kGy [2-4]. To reduce electron beam dose for the 
rubber vulcanization process, radiation sensitizer such as 
N-butyl acrylate (n-BA) and 1,6-hexanediol-diacrylate 
(HDDA) can be added in the rubber latex prior the electron 
beam irradiation.[16] 

Although, during the commissioning, there are only 
small number of electrons exiting the accelerator system, 
we did conduct some experiments on natural rubber vul-
canization. Natural rubber sample containers were placed 
5 cm under the titanium window. The samples are natural 
rubber, natural rubber added by 5 phr n-BA, and natural 
rubber added by 5 phr HDDA. The natural rubber used in 
the experiment is high ammonia concentrated natural rub-
ber with 60% dry rubber content, purchased from a local 
company. As a reference, commercial (sulfur) prevulcan-
ized natural rubber (PVNR) latex was also used in the ex-
periment. The vulcanization experiments were carried out 
with the electron beam of 3 MeV average energy.  

After irradiation to the required dose, the latex samples 
were tested for vulcanization state by chloroform test. The 
chloroform-coagulation test or chloroform test provides a 
very simple and fast method for assessing state or degree 
of vulcanization in natural rubber latex [17]. Four stages of 
vulcanization are usually distinguished by this test, and are 
assigned chloroform numbers as 1: unvulcanized, 2: lightly 
vulcanized, 3: moderately vulcanized , and 4: fully vulcan-
ized. The vulcanization results from the experiment de-
scribed above are listed in Table 1.  
Table 1: Stage of Vulcanization by Chloroform No. (#) 
from the Vulcanization Experiments 

sample + dose # sample + dose # 

NR+0 kGy 
NR+20 kGy 
NR+50 kGy 
NR+50 kGy 

1 
1 
4 
4 

NR+nBA+10kGy 
NR+nBA+20kGy 

NR+HDDA+10kGy 
NR+HDDA+10kGy 

2 
4 
3 
3 

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-THPOMS040

THPOMS040C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

3058

MC8: Applications of Accelerators, Technology Transfer and Industrial Relations

U02: Materials Analysis and Modification



From the experiments, natural rubber vulcanization us-
ing electron beams from our accelerator system occurred at 
the radiation dose of 50 kGy. The mixture of rubber latex 
and HDDA as well as the mixture with n-BA were fully 
vulcanized after electron beam irradiation at the radiation 
dose of 20 kGy.  

RADIATION SHIELDING 
The RF and accelerator system are located inside the un-

derground radiation shielding hall. Moreover, the extra 
steel shielding box to prevent the leakage of radiation when 
the accelerator system is under operation was designed by 
using the Monte Carlo simulation software GEANT4. The 
layout of the shielding box is shown in Fig. 3(a). The ac-
celerator hall, however, has just been added with a steel 
plate at the height of 2.4 m from the floor, as shown in Fig. 
3(b) Thus, the steel shielding box over the accelerator sys-
tem might not be necessary.  The GEANT4 was used to 
evaluate radiation leakage for this new scenario. The re-
sults shows that a 3-cm-thick steel roof can maintain the 
radiation level within the regulation limit.  

 
Figure 3: Two scenarios for radiation shielding: (a) extra 
steel shielding box and (b) layout of steel plate covering 
the accelerator hall. 

CONCLUSION 
The RF-linear accelerator system and irradiation system 

for natural rubber vulcanization has been developed and is 
currently under the commissioning. The accelerator system 
can generate the electron beam with average energies of 2.2 
MeV- 3.2 MeV for the given RF power of 0.8 MW - 1.60 
MW. Natural rubber vulcanization experiments were car-
ried out with the electron beam of 3 MeV average energy. 
The preliminary experimental results show that the natural 
rubber vulcanization occurred at the radiation dose of 50 
kGy. Moreover, the rubber latex was fully vulcanized at the 
radiation dose of 20 kGy if the radiation sensitizers (HDDA 
or nBA) were added to the rubber latex prior to the irradi-
ation. The radiation shielding has been investigated consid-
ering full machine operation. More vulcanization experi-
ments will be conducted after the electron beam optimiza-
tion to get higher beam currents. 
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