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Abstract 
 

The electron beam machine (EBM) irradiators based on plasma cathode that 

emit pulse electron beam for radiation vulcanized natural rubber latex (RVNRL) 

have been developed in Tomsk, Russia. Meanwhile, a prototype of an ultraviolet 

light-emitting diode (UV-LED) irradiator for RVNRL has been developed by the 

Research Technology Center for Accelerator and the ATK Polytechnic in 

Yogyakarta, Indonesia. This research aims to compare the irradiator prototype 

technology for RVNRL. The RVNRL technology comparison method is carried out 

by assessing the specifications and performance of the equipment, costs 

(investment, operational, maintenance), hazard, and operability. The results of 

the comparison of irradiator technology for RVNRL show that the UV-LED 

irradiators are superior to the UV-mercury irradiators and the plasma cathode-

based EBM irradiators which gives a total value of 476, 412, and 248, 

respectively. Thus, it can be concluded that the UV-LED irradiators technology 

for RVNRL is simpler, more practical, economical, and environmentally friendly 

compared to the UV-mercury irradiators and the plasma cathode-based EBM 

irradiators.  
 

Keywords: RVNRL, irradiator, UV-mercury, UV-LED, plasma cathode-based EBM 

© 2022 Penerbit UTM Press. All rights reserved 

  

 

 

1.0 INTRODUCTION 
 

The vulcanization of conventional natural rubber 

latex with the sulfur process requires 5 types of 

materials, which include antioxidants, sulfur binders 

for cross-linking polyisoprene, accelerators in the 

form of carbamate compounds, activating agents, 

and KOH stabilizers to prevent a pre-coagulation [1]. 

After the latex and 5 ingredients are mixed until they 

become homogeneous, it is heated at a 

temperature of 40-50 oC for 2-3 days. The second 

heating is at 70 oC for 2 hours, and the final heating 

is at 100 oC for 1 hour. The first and second heating is 

intended to make the vulcanization compound, 

while the final heating is the finishing stage. 

Carbamate compounds must be compound the 

natural rubber latex to speed up the vulcanization 

process. The rubber product resulted is less elastic 

and produces a lot of SOx gas, as well as it requires 

a storage time of approximately 3 weeks [1, 2]. 

Vulcanization at high temperatures can 

accelerate the time of vulcanization, thus lowering 

production costs. However, vulcanization at high 

temperatures causes uncontrolled side reactions 

resulting in lower product quality. While low 

temperatures to produce the quality, and 

appearance of natural rubber products are better 

than high temperatures, but it takes long 

vulcanization thereby increasing the cost of 
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production. The temperature of VNRL with sulfur 

process about 100-180 oC [3, 4]. Carbamate 

compounds can form carcinogenic compounds of 

nitrosamine in which the number of parts per billion 

(ppb) alone can cause cancer [5].  

Cross-bonding produced by irradiated NRL 

vulcanization (RVNRL) is much stronger than that are 

produced by NRL vulcanization using sulfur. Because 

in the RVNRL cross-linking occurs directly between 

carbon atoms without going through sulfur atoms (C-

C binding energy = 58.6 kcal/mol and C-S = 27.5 

kcal/mol) as shown in Figure 1 [6].  

 

 
 

Figure 1 Crosslinking of VNRL with sulfur and RVNRL 

 

 

1.1. The Advantadge of UV Light Emitting Diode (UV-

LEDs) Compared with UV-Mercury Lamp 
 

The advantages of UVA rays from UV-LED compared 

to UVA/B rays of UV-mercury lamp is the wavelength 

spectrum of UVA rays than UV-LED has a wavelength 

of the electromagnetic () at range about 360-380 

nm narrower with UVA/B rays from UV-mercury lamp 

having a spectrum with a wide range of  240-420 

nm as shown in Figure 2.  The spectrum of UVA rays 

are narrow with  = 360-380 nm of UV-LED lamps have 

a radiation sensitivity of 100% at a wavelength  = 375 

nm as shown in Figure 3 [7]. 

 

Figure 2 Spectrum irradiance of UV-LEDs radiation 

compared to UV rays than other lamps 

 

Figure 3 Type sensitivity of UVA rays 

 

 

Figure 2 and Figure 3; shows that UV-A rays with a 

wavelength  = 375 nm emitted by a UV-LED lamps 

are the best conditions if it is used in the curing 

process like to vulcanization NRL by irradiation. 

Penetration of UVC rays with a wavelength  = 

200-280 nm in water reverse osmosis (RO) = 3.0 m; in 

drinking water = 12.0 cm; in (wine, juice) = 2.5 mm; in 

(syrup milk, blood) = 0.5 mm [8]. 

The ability of UVA rays penetrate larger than UVB 

rays and UVC rays, as shown in Figure 4 [9-11]. 

 

 

Figure 4 The ability to penetrate several types of UV rays 

 

 

1.2. The Irradiator Prototipe Based on UV-Mercury for 

RVNRL. 

The research team from the Roseggerstraße Leoben 

Austrian Polymer Competence Center has 

succeeded in realizing the RVNRL pilot plant on the 

manufacture of non-allergenic surgical gloves using 

photoreactors with UVA/B rays radiation from UV-

mercury lamps in the wavelength range of 240-420 

nm. The form of a photoreactor is a vertical glass 

column with a diameter of about 13.5 cm and a 

length of about 1 m. In the middle of the glass 

column is hung UV-mercury lamps with specifications: 

power 3000 W, irradiance 1.1 W/cm2, lamp length 

about 1 ft as a source of UVA/B rays radiation as 

shown in Figure 5 [12-15].  
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Figure 5 The irradiator prototype based on UV-mercury for 

RVNRL 
 

 

The RVNRL process is carried out by flowing a thin 

layer of NRL that has a density of 0.9162 g/cm3 [16] 

by gravity at a flow rate of 1.3 liters/minute through 

the wall in the photoreactor. Twice illumination of 

UVA/B rays on a thin layer of NRL provides the results 

of mechanical tests on surgical gloves with a tensile 

strength of 30 MPa. However, with a single 

illumination of UVA/B rays on a thin layer of NRL, it 

can provide tensile strength to surgical gloves of 25 

MPa which is above EN 455-2 (2000) standard with 

tensile strength before the 24 MPa aging process. The 

aging process of the pre-cured latex results from 

RVNRL at room temperature for 7 days showed 

mechanical tests on surgical gloves with a tensile 

strength of 23 MPa (for one-time illumination) and 28 

MPa (for two times illumination) which were above 

EN 455-2 (2000) standard with a tensile strength of 18 

MPa after the aging process [12].  

The lifetime of UV-mercury lamps which emit 

UVA/B of about 500-2.250 hours [17-19], then for the 

continuity of the RVNRL process for a year would 

need several times of UV-mercury lamp replacement 

to be carried out so that it will inflict solid waste with 

mercury content that is classified as hazardous and 

toxic materials. 

Mechanical tests of the surgical gloves from pre-

cured latex resulted from RVNRL are expressed with 

tensile strength and crosslink density as shown in 

Figure 6 (a). Mechanical tests of surgical gloves from 

RVNRL pre-cured latex after aging at room 

temperature for 7 days are described with tensile 

strength as shown in Figure 6 (b) [12]. 

 
(■) Tensile strength in MPa and (▲) crosslink density in 

mmol.cm-3 of NR latex gloves pre-cured in the falling film 

reactor versus the number of illumination cycles 

 
Tensile strength of non sterile NR latex gloves prior to and 

after thermal ageing (7 days / 70 °C / air) as a function of 

the number of illumination cycles in the falling film 

photoreactor: (■) Aged at room temperature for 7 days; 

(▲) Aged at 70 °C for 7 days 

 
Figure 6 Characteristics of surgical gloves from pre-cured 

latex resulted from RVNRL 

 

 

Figure 6 (a) shows that twice illumination provides 

the best mechanical test results for the surgical 

gloves from RVNRL pre-cured latex with 30 MPa 

tensile strength. However, even with one-time 

illumination, it turned out to have given a tensile 

strength in surgical gloves from RNVRL pre-cured 

latex at 25 MPa, which is above the standard EN 455-

2 (2000) with a tensile strength of 24 MPa as shown in 

Table 1.  

Figure 6 (b) shows that the aging process of 

RNVRL pre-cured latex at room temperature for 7 

days shows the best mechanical gloves surgical test 

with the tensile strength of 23 MPa (for one-time 

illumination) and 28 MPa (for twice illumination), 

which are already above the standard EN 455-2 

(2000) with 18 MPa tensile strength, as shown in Table 

1 [12]. 

 
Table 1 Comparison of physical properties of sterile surgical 

gloves from RVNRL with UVA/B irradiation from UV-mercury 

lamps with the quality requirements of EN 455-2 (2000) 
 

Physical 

Properties 

Sterile Surgical Gloves 

EN 455-2 

(2000) 

UV Pre-cured NR 

Latex Film 

Before 

Aging 

After 

Aging 

Before 

Aging 

After 

Aging 

Tensile Strength 

(MPa) 
24 18 25–32 23–28 

Ultimate 

Elongation (%) 
750 560 770–870 680–720 

Force at Break 

(N) 
12 9 12.5–15 11.5–14 

 

 

1.3. The Irradiator Prototype Based on UV-LED for 

RVNRL 

 

Based on the characteristics of UVA rays from UV-LED 

irradiators which are superior to UVA/B rays from UV-

(a) 

(b) 
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mercury irradiators, a prototype UV-LED irradiator for 

RVNRL in Center for Accelerator Science and 

Technology has been designed as shown in Figure 7 

[20]. 

 

 
 

Figure 7 The irradiator prototype based on UV-LED for RVNRL 

 

 

The novelty and advantages of the irradiator 

prototype based on UV-LED for RVNRL which was 

designed by Widiyati and Poernomo [20] is a 

technology development of a irradiator prototype 

based on UV-mercury designed by Schlögl et al. [12] 

are described as follows: 

a. The level of difficulty and the cost of construction 

work for the photoreactor prototype UV-LEDs is 

easier and cheaper when compared to 

photoreactor prototype UV-mercury in the 

vertical glass cylinder column. 

b. Replacement irradiators for the UV-LED are rarely 

needed because the lifespan of UV-LED lamps is 

around 50,000 hours while replacing the UV-

mercury irradiators is done often the UV-mercury 

lamp’s life span is only 2000 hours. 

c. Cost reduction in NRL molecular damage caused 

by NRL film temperature rise due to UVA/B heat 

radiation generated from UV-mercury irradiator as 

described in Figure 2 is relatively more expensive. 

This is because the cooling system used by N2 gas 

injection is relatively expensive. The UVA radiation 

heat generated from the UV-LED irradiators such 

as Figure 3 is much smaller than UVA/B heat 

radiation from UV-mercury lamps. Thus, the cost of 

reducing the temperature rise in NRL films from 

UVA radiation is cheaper because the cooling 

system uses water only. 

d. Precision NRL film thickness on UV-mercury 

irradiators discharge is controlled by a piston 

pump and overflow NRL on a vertical glass 

cylinder. While the NRL film thickness on UV-LED 

irradiators more precision because it is controlled 

by a piston pump discharge, overflow NRL tank, 

and thick control indicator. 

e. The intensity of the radiation (irradiance) is 

influenced by the life of the UV-mercury lamp. 

Since the distance between UV-mercury 

irradiators with thin layer of NRL has been fixed, it 

is difficult to do  on  a prototype irradiance control 

UV-mercury irradiators. Meanwhile, if used UV-LED 

irradiators, it can be done by moving the 

irradiance control irradiator by a stepper motor 

on the instruction of irradiance indicator control. 

f. The process of installation/replacement of UV-LED 

irradiators and surface cleaning for vertical glass 

plate flow thin layer of NRL easier and faster when 

compared to the installation/replacement of UV-

mercury irradiators and cleaning glass cylindrical 

column through which the thin layer NRL. 

 

1.4. The Prototype of EBM Irradiators Based on 

Plasma Cathode for RVNRL 

 

Another irradiator technology for the RVNRL process 

is electron beam machine (EBM) irradiators based on 

plasma cathode developed by Beam & Plasma 

Technologies LLC, Tomsk, Russia and the SB RAS 

Institute of High Current Electronics, Tomsk, Russia as 

shown in Figure 8 [21, 22]: 

 

 

Figure 8 The prototype of EBM irradiators based on plasma 

cathode for RVNRL 

 

 

The operating conditions and specifications of 

EBM irradiators based on plasma cathode in the 

RVNRL experiment are shown in Table 2 [21, 22]. 
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Table 2 The operating conditions and specification of 

electron beam machine based on plasma cathode for 

RVNRL 

 

E-beam irradiation parameters Value 

Electron energy, E (keV) 100 - 200 

Beam current, I (A) up to 50 

Energy density/pulse, Ed (J/cm2) 0.06 

Pulse duration, Pd (s) 5 - 35 

Total dose, D (kGy) 183 

Beam repitition frequency, (Hz) 0.1-50 

Main room, m2 6 x 6 

Operating room area, m2 2 x 2 

Room height, m >4.5 

Width of ferroconcrete walls, m >1 

(for bio-shielding)  

Number of pulses, N 20,000 

Thick Al-Be foil, tw (m) 40 

Window size, L × s (mm) 650 × 150 

Beam frequency, F (Hz) 10 – 50  

Average beam power, kW up to 5 

Supply voltage, V 380 

Equipment power consumption, kW up to 18 

Gas consumption N2 99%, L/hour 10 

Water consumption, m3/hour 2 

The configuration and size of EBM components 

based on plasma cathodes are shown in Figure 9 

[22]. 

 
 

Figure 9 Size of components in the EBM irradiators based on 

plasma cathode for RVNRL 

 

 

The N2 gas consumption of 10 L/hr at EBM 

operations as shown in Table 1 is used to reduce the 

temperature rise in the foil window material due to 

bombardment by electron beams.  

Based on the novelty and advantages of the 

irradiator prototype based on UV-LED compared to 

the irradiator prototype based on UV-mercury for the 

RVNRL process, the aim of this study was to compare 

the technology of two irradiators, namely the UV-LED 

irradiator which emits UVA radiation and the plasma 

cathode-based EBM irradiator which emits an 

electron beam for the RVNRL process. The results of 

the comparation of the irradiator prototype 

technology for the RVNRL process are expected to 

be input data for potential users to select and 

determine the type of irradiator suitable for use in the 

NRL vulcanization process in several natural rubber 

plantation centers. 

 

 

2.0 METHODOLOGY 
 

2.1. Determination of RVNRL Capacity Using UVA/B  

Radiation from UV-Mercury Irradiators 

 

Based on the flow rate data ofthe thin film NRL (Q) in 

the RVNRL pilot plant experiment by falling film 

photoreactor with UVA/B radiation from UV-mercury 

lamps [12[, obtained: 

Flow rate, Q = (1.3 liters/minute) = 1,300 cm3/minute 

(for 1 time illumination). 

The highest usage of UVA/B lamps is only 3,000 

hours (23). If the RVNRL process is operating 24 hours 

per day, then for the use of UVA/B lamps every 3,000 

hours or 4.16 months would require a change. So that 

in the 1-year operation of the RVNRL process, UV-A 

lamps must be replaced 3 times. If the prediction of 

each UV-mercury lamp replacement requires around 

2 days of unloading, then the remaining number of 

days in an RVNRL operating year = 324 days. 

Mechanical tests of the surgical gloves pre-cured 

NRL resulted from RVNRL in Figure 4 shows that the 

tensile strength and the crosslink density is best 

achieved at twice the illumination of the film NRL. If 

the discharge NRL film that flows in the annulus glass 

photoreactor is at 1,300 cm3/min, the capacity of 

RVNRL (M) can be calculated as follows (20]: 

M = flow rate (cm3/min)  NRL density (g/cm3)        (1) 

 

2.2. Determination of RVNRL Capacity Using UVA 

Radiation from UV-LED Irradiators 

 

Based on data from debit of NRL film (Q) in the 

experimental pilot plant VNRLI are falling film 

irradiators with radiation UV-A/B of UV-mercury lamp, 

it can be determined linear flow rates thin layer of 

NRL (v) for vulcanization NRL with the best results as 

follows [23]: 

v = Q/(  ID  tb)      (2) 

with v = flow rate of NRL (cm3/min), ID = inside 

diameter of the column (cm), tb = thickness 

penetration of UV-A (cm) 

Calculation capacity of VNRLI using irradiators of 

UV-LED lamps needed about 6 UV-LED lamp T8 TL 

shape with a length of 2 feet, the intensity of the 

radiation (irradiance) I ≥ 1.1 W/cm2 mounted 

horizontally lined up shoulder to shoulder with the 

following calculation [23]: 

Q = v  tb  L       (3) 

with v = flow rate of NRL (cm3/min), tb = thickness 

penetration of UV-A (cm), L = width of vertical glass 

plate flow-thin layer NR. 
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2.3. Determination of RVNRL Capacity Using Electron 

Beam Radiation from EBM Prototypes Based on 

Plasma Cathode 

 

Test of the EBM prototype based on plasma cathode 

for the RVNRL process was carried out as shown in 

Figure 10. The distance of the payer window to the 

conveyor surface is a maximum of 30 mm. NRL feed is 

channeled to the conveyor at a certain flows speed 

so that a thin layer of NRL can form on the conveyor. 

Then the thin layer on the conveyor that runs at a 

certain speed was irradiated with an electron beam. 

The thin layer of irradiated NRL is sliced with a knife, 

then contained in a container as shown in Figure 10 

[22].   

 

 
 

Figure 10 Test of the EBM prototype based on plasma 

cathode for the RVNRL process 

 

 

For the pulse beam electron system, the absorbed 

dose (D) in units of kGy or J/kg in a material with mass 

m (grams) is determined as follows [24]: 

hρ

N
beam

tjU

m

E
  D  





==

 

     (4) 

where, E = electron beam energy deposited into the 

material (volt.amp.sec, watt.sec or J), U = 

accelerator voltage (volts), j = beam current density 

(amp/cm2), tbeam = duration of beam pulses electron 

(second), N = number of beam pulses,  = material 

density (g/cm3), h = depth of electron beam 

penetration in the irradiated material (cm). 

Multiplication U (volts) × j (amperes/cm2) × tbeam 

(seconds) in units of volts. amperes/cm2 × seconds or 

watts × seconds/cm2 or (J/cm2) is a unit of energy 

density per pulse (Ed) of EBM prototype based on 

plasma cathode as listed in Table 1. 

Thus the electron beam energy deposited into a 

material (E) from Equation (5) is analogous to the 

total energy density (EdT) of the EBM prototype 

based on plasma cathode-base as stated as follows 

[2]: 

EdT = Ed N       (5) 

where, Ed = energy density per pulse (J/cm2), N = 

number of pulses. 

Whereas   (g/cm3)  h (cm) the result has a unit 

(g/cm2) which is analogous to the electron beam 

penetration unit, R or Pt (g/cm2). 

D absorbency dose is calculated as follows [2]: 

D = E  Ja t 106 / R       (6) 

The absorbed dose D of the electron beam in 

Equation (3) is analogous to D in Equation (4) of the 

electron beam. Thus, D in the Equation (4) can be 

converted as follows [2]: 

t
P

T
Ed

  D =        (7) 

Thus, the electron beam penetration before 

passing through the window is calculated as follows 

[2]: 

Pt = EdT/D       (8) 

where, Pt = electron beam penetration (g/cm2), D = 

absorbed dose (kGy or J/kg or W  sec/kg). 

The EBM prototype was based on plasma 

cathodes with electron beam pulses at a certain 

duration (Pd) and frequency (F), then the total power 

can be calculated as follows:  

Pe = E  I  Pd  F      (9) 

where, Pe = required power (watts), E = electron 

beam energy (volts), I = electron beam current 

(ampere), Pd or tbeam = pulse duration (second), F = 

frequency (Hz or cps or cycles/second). 

The maximum NRL thin layer that can be 

penetrated by the electron beam (tb) can be 

calculated as follows [2]: 

 
bρ

)
u
ρ

u
(t)

w
ρ

w
(t

t
P 0.9

bt

+−

=    (10) 

where, Pt = electron beam penetration (g/cm2), tw = 

foil window thickness (cm), w = foil window density 

(g/cm3), tu = air gap thickness (cm), u = air density 

(g/cm3). 

Correlation of linear velocity v (m/sec) NRL thin 

layer irradiated with electron deposition energy per 

area density De (MeV cm2/g), electron beam current 

I (mA), efficiency factor (), absorbency dose D (kGy 

or kJ/kg or kW.second/kg), window width s (m) is 

expressed as follows [25]: 

D = (De I)/(10  s  v)     (11) 

v = (De  I) / (10  D  s)   (12) 

De can be determined as follows [25]:  

De = E/z = Pe / (z  I )    (13) 

Thus Equation (12) changes as follows::  

v = (Pe I)/(10 z D  s  I)   (14) 

v = (Pe)/(10 z  D  s)    (15) 

Pe = E  I with, Pe = power (watt.seconds or J),  E = 

electron beam energy (MeV), I = electron beam 
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current (mA), z or Pt' = penetration of electron beams 

on material (g/cm2),  t = time (seconds). 

By adopting the v belt conveyor determination in 

Equation (15), it can be determined the linear flow 

velocity of the NRL thin film above the conveyor belt 

v (m/sec) with the electron beam from the cathode-

based EBM plasma as shown in Figure 10.   

Operating variables of EBM based on plasma 

cathode include electron beam energy E (MeV), 

electron beam current I (mA), efficiency factor (), 

Pd pulse duration, frequency F (Hz or cps), absorbed 

dose D (kGy or kJ/kg or kW.sec/kg), window width s 

(m).  

Thus, by substituting Equation (9) turns into 

Equation (15) can be obtained as follows: 

v = (E  I  Pd  F )/(10  Pt’  D  s)   (16) 

The flow rate of the RNL film above the irradiated 

belt conveyor can be determined as follows [2]: 

Q = v  A     (17) 

with, Q = flow rate in the NRL films on belt conveyor 

(cm3/sec), A = area of NRL film with the thickness as 

the electron beam penetration (cm2). Consequently, 

the rate of latex film corresponding to the electron 

beam penetration can be calculated as follows [2, 

23]: 

Q = v  (tb Lw)     (18) 

where, Lw = window length (cm). 

Capacity of RVNRL (M, g/sec) can be calculated 

as follows [20]: 

M = Q  b     (19) 

 

2.4. Efficiency for Electron Beam Accelerators 

 

The electrical energy conversion efficiency for 

electron beam accelerators, the ratio of the input 

electrical power to output beam power, ranges 

between 25% to 75% depending upon the design of 

a specific accelerator [26]. 

Pulse-based electron beam machine with high 

frequency (HF) accelerator and technical 

specifications: energy about 1-10 MeV, pulse 

duration of 1 ms-1, beam power about 30-50 kW, 

beam current about 0.1-1 A provides an efficiency of 

30% [27]. 

When EBM is operated, the electron beam that 

passes through a material, such as windows and air 

gaps, the energy, and power of the beam will be 

reduced by the events of backscattered electrons 

and adsorption by the material. 

The greater the initial electron beam energy in the 

use of EBM, the smaller the energy loss and beam 

power as shown in Table 3 [28]: 

 

 

 

 

 

 

 

Table 3 Energy and beam power losses in double foil 

window construction (two 50 m thick titanium foils and 70 

mm air gap between them) for 50 kW average beam 

power and initial electron energy 0.5, 0.6, 0.7 MeV 

 

Initial electron energy, keV 500 600 700 

Windows    

- backscatering, % 24.9 17.8 12.2 

- absorption, % 13.5 11.9 9.3 

Air gap    

- absorption, % 2.5 2.0 1.7 

Total of energy and beam power 

losses, % 
40.9 30.8 23.2 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1. The RVNRL Capacity Using UVA/B Radiation from 

UV-Mercury Irradiators 

 

The RVNRL experiment with UV-mercury irradiator 

showed that the best irradiated NRL was at 2 times 

NRL illumination, so M had to be multiplied by 0.5. 

From the results of the RVNRL capacity calculation 

using UV-mercury irradiators, then from Equation (1) 

can be obtained as follows: 
 

M = 1,300 cm3/min  0.913 g/cm3  0.5 = 593.45 

g/min. 
 

M = 593.45 g/min.  60 minutes/hour  24 hours/day  

324 days/year. 
 

M= 276 880 032 g/year = 276.88 tons/year. 
 

If it is assumed in the film isoprene, irradiated 

isoprene NRL (i-isoprene) caused by radiation 

crosslinking of isoprene by UVA/B with a conversion of 

about 90%, then:  
 

M= 0.90  276.88 tons/year = 249.2 tons/year. 

The quality of RVNRL results using UVA/B radiation 

from a UV-mercury lamp is represented by a tensile 

strength of 28 MPa as shown in Figure 6. 

 

3.2. The RVNRL Capacity Using UVA Radiation from 

UV-LED Irradiators 

 

From Equation (2), it can be calculated as follows:  

v = (1,300 cm3/min)/[(  13.5 cm)(0.05 cm)] = 

612.794 cm/min. 

Figure 2 shows that the wavelength range of UV-

mercury lamps are very wide = 240-420 nm with 

varying irradiance. If used UV-LED light with a 

wavelength of about 365-375 nm, the obtained 

irradiance that is more focused about 1.1 W / cm2.   

Figure 3 shows that the wavelengths of 375 nm in 

the UV-A rays arising from UV-LED lamps have a 

sensitivity of 100%. Thus UV-A radiation from the UV-

LED lamps have a greater ability to curing (cross-

linking) poly-isoprene in the NRL compared with UV-

A/B from UV-mercury lamps. 

Capacity of RVNRL can be increased by 

increasing the bandwidth trajectory thin layer of NRL 

that will be irradiated with UV-A rays of UV-LED 
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irradiators and debit-based on flow rate of NRL thin 

layer, Q = 1.3 liters/minute to process irradiators 

RVNRL with UV-mercury lamps which have been 

performed by S.Schlögl, et al. in the Polymer 

Competence Center Leoben, Austria as shown in 

Figure 5 [12].   

Calculation capacity of RVNRL using irradiators of 

UV-LED lamps needed of 6 UV-LED lamp T8 TL shape 

with a length about of 2 feet, the intensity of the 

radiation (irradiance) I ≥ 1.1 W/cm2 mounted 

horizontally lined up shoulder to shoulder with 

calculation using Equation (3) with L = width of 

vertical glass plate flow-thin layer NRL  of 40 cm. 

Q = 612.794 cm/min  0.05 cm  40 cm = 1,225.6 

cm3/min = 1.225 L/min.  

By using Equation (1) the RVNRL capacity (M) can be 

calculated as follows:   

M = 1,225.6 cm3/min  0.913 g/cm3 = 1,118.97 g/min. 

M = 1,118.97 g/min  60 min/hour  24 hours/day  

330 days/year. 

M = 580,075,499.52 grams/year = 580 tons/year. 

If the assumed conversion of poly-isoprene in the 

film NRL by UV-A rays of irradiators UV-LED into poly-

isoprene irradiated (i-polyisoprene) caused by 

crosslinking chain C in poly-isoprene with free radicals 

thyl formed as photoinitiator thiolene irradiated UV-A 

is about 90%, then: 

Capacity of RVNRL = 0.90  580 tons/year = 522 

tons/year. 

If it is seen from the penetration of UVA radiation 

that is greater than the penetration of UVB rays on 

the material as shown in Figure 4, then the 

penetration of UVA radiation from the UV-LED lamp 

will be greater than the penetration of UVA/B rays 

from the UV-mercury lamp on the material. Because 

the penetration of UVA emitted from UV-LED lamps is 

greater than the penetration of UVA/B from UV-

mercury lamps, it is predicted that the cross-linking 

process of poly-isoprene on natural rubber latex 

irradiated with single UVA rays emitted from UV-LED 

lamps will be more. Thus it can be predicted that the 

quality of RVNRL results using UVA radiation from UV-

LED lamps represented by tensile strength will be 

greater about 30 MPa than the tensile strength of 

RVNRL results using UV-mercury lamps of 28 MPa as 

shown in Figure 6. 
 

3.3. Penetration of Electron Beams (Pt) on Changes in 

Electron Beam Energy (E) 

 

To determine the depth of the electron beam 

penetration in the NRL film, the dose distribution of 

the electron beam penetration is needed in general. 

Curve of relative dose distribution (Drelative) vs electron 

beam penetration (R or Pt) can be drawn as shown in 

the Figure 11, with D(z)/Dmax= Drelative. 

 
Figure 11  Dz/Dmax vs Pt on e-beam energy variations. 

 

 

At Dz/Dmax or Drelative = 0.75 a straight line is drawn 

across the curve at 150 keV, 160 keV, 170 keV, 180 

keV, 190 keV, and 200 keV, then from the intersection 

point a straight line is drawn which intersects the 

abscissa of R or Pt respectively at Pt = 0.0178; 0.0198; 

0.0215; 0.0238; 0.0258; 0.0280 g/cm2. 

 

3.4. The Efficiency of Energy and Beam Power on the 

EBM Based on Plasma Cathode 

 

Based on the data in Table 3, the relationship curve 

between initial energy with energy and beam power 

losses on the EBM operation is obtained as shown in 

Figure 12. 

 

 
Figure 12 The effect of initial energy on the energy and 

beam power losses total 

 

 

The graph of the initial energy effect on energy 

loss and beam power as shown in Figure 12 can be 

expressed as follows (20): 

y = -0.084x + 82.03    (20) 

where, y = total energy and beam power losses (%), 

and x = initial energy (keV). 

From Equation (20), we can calculate the effect 

of initial energy EBM 150 keV, 160 keV, 170 keV, 180 

keV, 190 keV, and 200 keV on the total energy and 

beam power losses, and the residual energy and 

beam power as shown in Table 4. 
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Table 4 Energy and beam power losses in foil window 

construction (40 m thick Al-Be foils and 30 mm air gap 

between them) for 5 kW average beam power and initial 

energy 150, 160, 170, 180, 190 keV 

 

Initial electron 

energy, keV 
150 160 170 180 190 200 

Total of energy 

and beam power 

losses, % 

69.28 68.59 67.75 66.91 66.07 65.23 

The residual of 

energy and beam 

power, keV 

46.08 50.25 54.82 59.56 64.47 69.54 

The efficiency of 

energy and beam 

power, % 

30.72 31.40 32.24 33.09 33.93 34.77 

 

 

The energy efficiency and electron beam power 

obtained in Table 3 are within the range of electron 

beam power efficiency of 0.2 - 0.7 as stated by Zimek 

[26], as stated in International Irradiation Association 

[27] with the efficiency of 25% to 75%, and almost 

equal to 30% efficiency as stated by Zimek [28]. 

 

3.5. RVNRL Capacity Using Electron Beam Radiation 

from the Plasma Cathode-Based EBM Irradiators 

 

The operating conditions of the plasma cathode-

based EBM irradiators that can be adjusted are the 

pulse electron beam energy (E = 100-200 keV) and 

the strong current (I = up to 50 A) as shown in Table 2. 

The efficiency of the EBM tool () depends on the 

performance of each equipment such as HV power 

supply, battery capacitor, electron accelerator, and 

vacuum system as shown in Figure 8. 

According to Patent 7026749 [29], the lifetime of 

the cathode is 20,000 - 25,000 hours. If the cathode 

material used by the plasma cathode-based EBM 

irradiators it is assumed to be the same as the 

cathode material used in Patent 7026749, then in an 

operational year for RVNRL no cathode replacement 

is needed. Thus, in one year the RVNRL process is the 

number of effective days = 330 days. 

By using data of latex = 0.9162 g/cm3 [16], w = 2.1 

g/cm3 [30], u = 0.00112 g/cm3 [31], tu = 3 cm [22], 

and some process condition data and EBM-based 

plasma cathode specifications in Table 2 consisting 

of: tw = 40 m, F = 50 Hz, D = 183 kGy, Ed = 0.06 J/cm2, 

Pd = 35 s, N = 20,000 pulses,  from Table 4 = 34.77%, 

then from the empirical Eqs. (16), (18) and (19) can 

be obtained RVNRL capacity (M) as in Table 5: 

 
Table 5 The effects of E and I  on RVNRL capacity (M) 

 

E (keV) on I = 

26 A 

M 

(tons/year) 

I (Ampere) on 

E = 200 keV 

M 

(tons/year) 

150 99.83 14 95.19 

160 116.32 16 108.79 

170 131.20 18 122.39 

180 146.80 26 176.79 

190 161.64 40 271.98 

200 176.79 50 339.98 

The results of empirical calculations of the capacity 

of RVNRL in the operating conditions of the plasma 

cathode-based EBM irradiators: E = 200 keV, I = 26 A, 

F = 50 Hz, D = 183 kGy, Ed = 0.06 J/cm2, Pd = 35 s,     

N = 20,000 pulses, and the efficiency of the tool  = 

34.77% obtained RVNRL capacity as follows: M = 

176.79 tons/year. 

An experiment of a plasma cathode-based EBM 

irradiator has been carried out for the RVNRL process 

at a maximum energy condition of 200 keV and I = 

26 A at Beam & Plasma Technologies LLC, Tomsk, 

Russia. The experimental results showed that the 

tensile strength of the NRL product after irradiation 

was 21 MPa, and the RVNRL capacity was 0.5 

tons/day [22].  

If in one year the RVNRL operation is carried out 

for 330 days, then the RVNRL capacity from the 

results of the plasma cathode-based EBM irradiator 

experiment is as follows: 

M = 0.5 tons/day  330 days/year = 165 tons/year. 

The results of the empirical calculation of the 

RVNRL capacity and the real data of RVNRL 

capacity from the experimental results of the plasma 

cathode-based EBM irradiator at conditions of E = 

200 keV and I = 26 A gave results of M = 176 

tons/year and 165 tons/year, respectively. Because 

M results from empirical calculations and from 

experimental results are almost the same, then the 

empirical Equation. (4) to (19) can then be used as 

an initial step to determine the capacity of the 

RVNRL which applies specifically to plasma cathode-

based EBM irradiators.  

If the calculation of RVNRL capacity uses the 

empirical Egs. (16), (18) and (19) on EBM based on 

plasma cathodes at maximum operating conditions: 

E = 200 keV with  = 34.77%, I = 50 A, Pd = 35 s, D = 

183 kGy/kg, F = 50 Hz, N = 20,000 pulses, Ed = 0.06 

J/cm2; then it can be obtained M = 339.98 tons/year. 

The performance of plasma-based EMB for the 

RVNRL process under conditions of electron beam 

energy E = 200 keV and electron beam current I = 26 

A obtained the characteristics of irradiated latex as 

shown in Figure 13. 
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Figure 13 Characteristics of latex irradiated by pulsed 

electron beam from plasma-based EMB 
 

 

The tensile strength of latex irradiated with pulsed 

electron beams from plasma-based EBM in Figure 13 

when compared with the results of latex irradiated 

with ultraviolet light from a UV-mercury irradiator in 

Figure 6 and Table 1, it shows that the tensile strength 

of latex irradiated with ultraviolet light greater than 

the tensile strength of latex irradiated with a pulsed 

electron beam from plasma-based EBM. This 

indicates that the quality of the latex irradiated with 

ultra violet light is better than the quality of the latex 

irradiated with a pulsed electron beam from plasma-

based EBM. 

RVNRL research using EBM based on a continuous 

electron beam from an electron gun with tungsten 

filament material has been carried out by Hani 

Handayani et al. (2019) at an electron energy of 300 

keV and a current of 3 mA. The RVNRL process was 

carried out at doses of 50, 70, 90, 110, 130, and 150 

kGy resulting in the tensile strength quality of 

irradiated latex 0.2; 0.9; 0.4; 0.1; 0.4; 0.4 MPa or 

N/mm2 [32].   

RVNRL research using the same EBM at an 

electron energy of 300 keV and a current of 3 mA 

has also been carried out by Elin Nuraini et al. (2021) 

with a latex film thickness of 0.4 mm produced a 

tensile strength quality of irradiated latex of 5.61 

N/mm2 [33]. 

RVNRL research using EBM based on a continuous 

electron beam from an electron gun at an electron 

energy of 8 MeV at a radiation dose of 150, 200, 250 

kGy has also been carried out by Manuchet 

Reowdecha et al. (2021) with tensile strength quality 

of irradiated latex 12.2 and 15.8 MPa, respectively 

[34]. 

The use of electron beam-based EBM for three 

RVNRL researches as has been done by Hani 

Handayani et al. (2019), Elin Nuraini et al. (2021), and 

Manuchet Reowdecha et al. (2021) have not met 

the quality of latex for the manufacture of post-aging 

surgical gloves as required by EN 455-2 (2000) for 

medical examination gloves with a tensile strength of 

18 MPa as shown in Table 1 [12]. 

The irradiated latex from plasma cathode-based 

EBM at a radiation dose of 270 kGy as shown in Figure 

13 had better tensile strength qualities when 

compared with the tensile strength of irradiated latex 

from the RVNRL process of 3 continuous electron 

beam-based EBM.  

 

3.6. Comparison of Irradiator Prototype Technology 

for RVNRL 

 

Comparison of irradiator prototype technology for 

RVNRL using pulse electron beam radiation from the 

plasma cathode-based EBM irradiators and UVA 

radiation from UV-LED lamp irradiators is done by 

scoring (S) on the two types of irradiators. Scoring of 

irradiator characteristics is classified into 3 groups, 

namely group A: tool performance, group B: costs 

(investment, operational, and maintenance), group 

C: hazardous and operability (HAZOP).  

Each irradiator characteristic has a level (L) of 1-4 

with a distribution: 4 = very important, 3 = important,  

2 = quite important, 2 = not important. Each level has 

a value (V) of 1-10 with each level a different 

characteristic irradiator.  

The value of each irradiator's performance (S) 

can be approximated as follows [35]: 
 

S = V × L      (21) 
 

The results of the comparation of EBM irradiator 

prototype technology based on plasma cathodes 

and UV-LED irradiator prototype technology for the 

RVNRL process are shown in Table 6, 7, 8 and 9. 

 

 

Table 6 Comparison of irradiator prototype technology for RVNRL in terms of quality of the RVNRL products and equipment 

performance 
 

Type of irradiator 

Tensile strength of 

the RVNRL 

products (MPa) 

The RVNRL 

capacity 

(tons/year) 

Start-up of irradiator  

(hours) 

Life time 

irradiator 

(hours) 
∑S 

L = 4 S L = 4 S L = 4 S L = 4 S 

EBM Plasma 

Cathode 

21.25,  

V = 3 
12 

165,  

V = 3 
12 

Vacuum system = 2  

(Slow),  

 V = 5 

20 

25,000 

(Medium),  

V = 5 

20 64 

UV-Mercury 28, 

V = 5 
20 249.2, 

V = 5 
20 

5–10 seconds 

(Very fast),  

V = 10 

40 

3,000 

(Short),  

V = 3 

12 92 

UV-LED 30,  

V = 7 
28 522,  

V = 8 
32 

5–10 seconds 

(Very fast),  

V = 10 

40 

50,000 

(Long),  

V = 10 

40 140 
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Table 7 Comparison of irradiator prototype technology for RVNRL in terms of investment costs 

 

Type of irradiator 

Prediction of 

irradiator and 

supporting 

equipment costs  

Prediction of radiation shield 

costs 

Prediction of irradiator 

construction & installation 

costs 
∑S 

L = 4 S L = 4 S L = 4 S 

EBM Plasma 

Cathode 

High cost, 

V = 4 
16 

Width of lead brick  

High cost, V = 4 
16 

Medium cost, 

V = 6 
24 56 

UV-Mercury 
Low cost, 

V = 8 
32 

UV Sun glasses, Very 

cheap cost, V = 10 
40 

Low cost 

V = 8 
32 104 

UV-LED 
Low cost, 

V = 8 
32 

UV Sun glasses, Very 

cheap cost, V = 10 
40 

Low cost 

V = 8 
32 104 

 

Table 8 Comparison of irradiator prototype technology for RVNRL in terms of time and difficulty of installation, operational costs 

and maintenance 

Type of irradiator 

Installation time & 

difficulty 
Operational power (kW) 

Replacement of irradiators 

every year ∑S 

L = 4 S L = 4 S L = 4 S 

EBM Plasma 

Cathode 

Long enough 

& difficult,  

V = 6 

24 

(electron accelerator 

+ equipment such as 

HV power supply, 

capacitor, vacuum 

system) =  

(5 + 18) = 23, 

V = 4 

16 
There is no,  

V = 10 
40 80 

UV-Mercury 

Relatively fast 

& easy, 

V = 10 

40 

UV-Mercury lamp (3) + 

1 stirring motor (0.75) + 

feed pump (0,25) = 4, 

V = 10 

40 
3 times,  

V = 6 
24 104 

UV-LED 
Relatively fast 

& easy, 

V = 10 

40 

UV-LED lamp (0.65) + 2 

stirring motor (2  0.75) 

+ water pump (0.5) + 

dose pump (0.5) = 

3.15,  

V = 10 

40 
There is no,  

V = 10 
40 120 

 

Table 9 Comparison of irradiator prototype technology for RVNRL in terms of HAZOP 

Type of irradiator 
Dangerous level 

Radiation protection permit & 

audit 

Safety & security import 

irradiator ∑S 

L = 4 S L = 4 S L = 4 S 

EBM Plasma 

Cathode 

X-rays and 

ozon (medium 

level) 

V = 3 

12 

Permits (construction, 

installation, operation) 

and periodic audits 

V = 4 

16 
Quite difficult 

V = 5 
20 48 

UV-Mercury 
UVA radiation 

(Low level) 

V = 8 

32 
Without permission 

V = 10 
40 

Without security 

V = 10 
40 112 

UV-LED 
UVA radiation 

(Low level) 

V = 8 

32 
Without permission 

V = 10 
40 

Without security 

V = 10 
40 112 

 

 

From Table 6, 7, 8 and 9 we can determine the 

total value of the technology comparison (TC) for 

each type of irradiator for the RVNRL process as 

follows: 

• Total value of TC of UV-LED irradiators = 140 + 104 +  

120 + 112 = 476 

• Total value of TC of UV-Mercury irradiators = 92 + 

104 + 104 + 112 = 412 

• Total value of TC of the plasma cathode-based 

EBM irradiators = 64 + 56 + 80 + 48 = 248. 

Based on RVNRL technology comparation, UV-

LED irradiators, UV-mercury irradiators, and the 

plasma cathode-based EBM irradiators give total 

value of 476, 412, and 248, respectively. Thus, it can 

be stated that the UV-LED irradiators technology for 

RVNRL is simpler, more practical, economical, and 
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environmentally friendly compared to the UV-

mercury irradiators and EBM irradiators based on 

plasma cathodes. 

 

 

4.0 CONCLUSION 
 

The results of the technology comparison of the UV-

LED irradiators, UV-mercury irradiators, and plasma 

cathode-based EBM irradiators for RVNRL are 

represented with a total value of 476, 412, and 248, 

respectively. Based on the results of the RVNRL 

technology comparison, it can be concluded that 

the UV-LED irradiators are simpler, more practical, 

economical, and environmentally friendly than the 

the UV-mercury irradiators and the plasma cathode-

based EBM irradiators. Thus, it is worth considering 

using the irradiator prototype based on UV-LED lamp 

in small and medium businesses in the field of natural 

rubber latex agribusiness for RVNRL process. 
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