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FOREWORD 

The report on Industrial irradiation processing of polymers presents the status and 
prospects of the radiation technology as applied for polymer treatment. It is written by Mr. 
Anthony Berejka, outstanding expert in this field. The IAEA wishes to thank him for the 
valuable contribution. The IAEA officers responsible for this technical document were Mr. 
M. Haji-Saeid and Mr. A. G. Chmielewski of the Division of Physical and Chemical 
Sciences. 
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1. INTRODUCTION 

At the close of the 20th century and now in the beginning of the 21st, several changes have taken 
place in the businesses marketing radiation source technologies used in industrial radiation processing. 
Such changes involved more than just transitions in ownership and product line extensions for proven 
equipment, but also the market successes of new accelerator technologies, the evolution of high 
intensity X ray processing and the ability of providers and users of isotope sources to cope with 
heightened security issues involving radioactive materials. Concurrent with this evolution in source 
technologies, there has been a modest increase in the acceptance of radiation processing for polymeric 
materials. At the same time, there has been a broadening of polymer options available to formulators 
and producers of irradiated products. Unfortunately, however, there have been no major market break-
throughs; no adoption of radiation processing on a large scale in some new industrial application. For 
example, the much proven and long hoped for use of radiation processing by the food industry remains 
at a very small scale. This is despite the fact that this technology has cleared most regulatory hurdles 
that call for efficacy and the maintenance of food quality. This brief paper describes some of these 
changes and outlines some current issues that remain to be addressed. 
 

Key words: accelerators; electron beams; X-rays; gamma ray sources; polymers 
 

2. SOURCE TECHNOLOGIES 

2.1. ELECTRON BEAMS AND GAMMA RAY SOURCES 

 
Industrial radiation processing relies on two major sources: 
 

 Accelerated beams of electrons 
 Gamma ray emissions from Cobalt-60 

TABLE I. INDUSTRIAL ELECTRON BEAM AND GAMMA RAY TECHNOLOGIES 

 Electron Beams Gamma Rays 
Power source: Electricity Radioactive isotope 

(mainly Cobalt-60) 
Power activity: Electrical on-off 5.27 year half-life 
Energy transfer: Electrons 

mass = 9.1 x 10-31 kg 
Photons (1.25 MeV) 
wavelength = 1.0 x 10-12m 

Transfer interpretation: Particulate 
mv = mass x velocity 
velocity < speed of light 
energy ≈ to voltage 
E = mc2 

Wave phenomena 
ν = c/ λ; frequency =  
speed of light/wavelength 
E = h ν; where h = Planck 
constant 

Emission: Unidirectional 
(can be scanned and bent by 
magnets) 

Isotropic 
(cannot be controlled) 

Penetration: Finite range Exponential attenuation 
Maximum penetration:  
(industrial purposes) 

38 mm from 10 MeV 
entrance = exit 

~ 300 mm 

Dose-rate: 360,000 kiloGy/hour 
100 kGy/second 

10 kiloGy/hour 
2.8 x 10-3 kGy/second 

 



 
It is estimated that there are about eight times more electron beam (EB) accelerators (>1200) in 

commercial use treating polymers than there are gamma ray facilities (>160), which are used mainly 
for sterilization and disinfection applications [1, 2]. While electrons and gamma rays have many 
similar effects on materials, they differ in several fundamental ways, which have significant impact on 
how they are used in industrial applications. Some of these differences contribute to notable 
differences in the response of certain polymers and polymeric precursors to radiation. Although many 
responses to EB and gamma rays are similar, it is important to note when the specific response of a 
specific material differs. Table I compares some of differences between EB and gamma sources [3]. 

 

2.2. GAMMA RAY SOURCES 

 
Radioactive sources, as Cobalt-60, are highly regulated and produced by only a few suppliers.  

As a result, those engaged in industrial uses of this radiation source have been more able to unite and 
to form associations devoted to their interests, such as the Gamma Industry Processing Alliance 
(www.gipalliance.net). With a dominant supplier, MDS Nordion of Canada (www.mdsnordion.com), 
gamma processors have a champion who facilitates such industry coordination. Given the high 
penetration of gamma rays and their efficacy in eliminating bio-hazards, these processors were able to 
focus on but a few industrial applications: medical device sterilization and food irradiation.  The other 
major source supplier, Reviss in the United Kingdom (www.reviss.com), also facilitates dialog with 
regulatory bodies, as when dealing with concerns over trans-national shipments of these sources.  
Reviss is a joint-venture company formed in 1992 between Amersham International and Pa Mayak 
and Techsnabexport of Russia and markets gamma processing systems under the Puridec 
name. An emerging supplier of Cobalt-60 that is attentive to the needs of smaller users is 
IZOTOP (the Institute of Isotopes Company, Limited) of Hungary (www.izotop.hu). In North 
America, there are two major providers of gamma processing services, mainly for medical device 
sterilization: 

 
 Steris (www.steris.com) 
 Sterigenics (www.sterigenics.com) 

 
In 1997, Steris acquired the pioneering company in the gamma sterilization service business, 

Isomedix, which was founded by John Masefield, one of the first to realize the benefits of radiation 
sterilization for medical devices. In the USA these companies, as part of the Gamma Industry 
Processing Alliance, have dealt with more stringent inter-state shipping requirements now in place in 
response to the potential use of these radioactive sources in terrorist activities. Figure 1 is a schematic 
of a 60Co radiation processing facility [4]. 

 

FIG. 1. Schematic of Cobalt-60 gamma facility 
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MDS Nordion has considerable expertise in systems development, designing and manufacturing 

conveyance systems for presenting products to irradiators.  With this expertise, MDS Nordion has 
collaborated with the accelerator manufacturer, Ion Beam Applications (www.iba-worldwide.com), to 
develop the PalletronTM for presenting materials to high intensity X-ray sources (shown in Figure 2), 
the emerging alternative for highly penetrating radiation.[5,6]  In this system, the product to be 
irradiated is brought in front of the X ray target by a conveyor system and then rotated in front of the 
target to attain the prescribed exposure, thereby assuring very uniform dose distribution within the 
product while it remains packaged. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 2. Schematic of pallet presentation to X ray source 

2.3. ELECTRON BEAM SOURCES 

2.3.1. Background 

In the 1990’s, one could easily segregate and list the suppliers of industrial electrons beams 
(EB) [7,8,9]. Since then there have been changes not only in corporate ownership, but also in any 
listing of reputable equipment suppliers. The markets and uses for electron beams can be divided into 
major categories based upon accelerator voltage or electron energy. Suppliers fall into three general 
areas: 1) low-voltage self-shielded units (80 to 300 kV); 2) mid-voltage, high current units (400 keV to 
5.0 MeV); and 3) high-energy units (7 to 10 MeV), as shown in Table II and illustrated in Figure 4. 

 
All accelerators have some common features: 1) electrons are “boiled” off from heated tungsten 

filaments; 2) electrons are guided to some charge collector with an impressed electric field; 3) 
electrons are accelerated through an evacuated space; and 4) vacuum is maintained within the 
accelerator by a titanium foil window through which the electrons pass.  Accelerators differ in how 
they attain the final electron energy, which is determined by the electronic charge times the voltage in 
direct current (dc) accelerators and by the electronic charge times the electric field integrated over the 
path length in radio frequency (rf) or microwave accelerators [9,10,11]. The electron energy may be 
expressed in electron volts (eV), kiloelectron volts (keV) or megaelectron volts (MeV). Figure 3 
illustrates that the principles for electron acceleration used in industrial EB equipment are similar to 
those used in cathode ray (CRT) or television tubes, but operating at significantly different voltages, 
CRTs and TVs operate at ~40,000 volts, much lower than any industrial accelerator. 



 
 

 

FIG. 3. General Electron Beam Operating Principles 

TABLE II. EB PENETRATION – MARKET END-USES 

Market Segment Energy Penetration 
 Surface Curing 80 – 300 keV 0.4 mm 
 Shrink Film           300 –800 keV   2 mm 
 Wire & Cable           0.4 – 3 MeV   5 mm 
 Sterilization    4 –10 Me 38 mm   

 
The pie chart below further divides the industry distribution of the >1200 accelerators now in 

use with sterilization being now done, for the most part, on a service basis [1]. 
 

 
 

FIG. 4. Industrial electron beam accelerator end-use markets 
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Industry demands three basic requirements from the suppliers of accelerators: 
 

 High beam current 
 Industrial reliability 
 Industrial credibility 

 
In contrast to low current accelerators used in research environments, such as the classic Van de 

Graaff generators and short-pulse linacs, any industrial electron accelerator must be able to deliver a 
beam current in the 10’s of milliamps (at least 10 ma or greater) or substantial beam power (at least 10 
kW or greater). Mass and area through-put equations have been developed that indicate the industrial 
productivity of radiation processing [12]. A key factor in these equations indicates how total product 
through-put is highly dependent upon beam current and beam power. Industrial operations use electron 
beam processing as they would any other process. Accelerators must be available for on-demand use 
twenty-four hours a day, seven days a week. One major user of radiation processing (>30 accelerators) 
has honed its maintenance schedules such that corporate wide its electron beam processing systems are 
ready for use >99% of the time, probably with a higher reliability than other heavy process equipment. 

 
Given the changes in the marketplace, the coming and going of accelerator vendors and their 

ownership, industrial credibility has become a key factor. Since most installations can involve a 
sizeable capital investment (>$1,000,000), the credibility of a vendor has become paramount to the 
success of the entire industry. 

 

2.4. ELECTRON BEAM SOURCES: LOW-VOLTAGE ACCELERATORS 

 
For the past decade, the fastest growing market for industrial accelerators has been in the low-

voltage area. Applications involve the curing or crosslinking of inks, coatings and adhesives that are 
based upon liquid reactive materials that do not contain solvent. While a driving factor in the United 
States has been the need to comply with the Clean Air Act Amendments of 1990, which limit the air 
pollutants emitted from industrial operations, those who have adopted low-voltage EB processing have 
found that the overall efficiency of radiation processes far exceeds other methods, such as forced air 
drying. When compared to alternative methods, especially the use of water-borne systems which can 
also comply with clear air requirements, EB processing has proven to be very energy efficient [13]. 

 
Three firms now meet the above requirements for viable industrial suppliers: 
 
1 – Energy Sciences, Incorporated – the pioneer in low-voltage EB technology. 
2 – NHV Corporation – the supplier of such systems in the Far East. 
3 – Advanced Electron Beams – a newcomer with a different approach (modular units) to 

accelerator manufacture. 
 
Both Energy Sciences (ESI, www.ebeam.com, founded by Sam Nablo, a former employee of 

High Voltage Engineering Corporation); and Advanced Electron Beams (AEB, founded by Tovi 
Avnery, a former employee of ESI; www.advancedelectronbeams.com) have downsized electron 
beam systems. As a result, they have been able to reduce the costs of accelerators. ESI has developed a 
fixed low-voltage EZ-CureTM system which is about half the size of its more historic units. AEB has 
totally shifted the paradigm of accelerator manufacture. Whereas most accelerators are made to order, 
AEB produces two standard designs (a beam with a 26cm window; and a smaller diameter unit with a 
41cm side window).  Unlike all other accelerators, the AEB units are evacuated at the factory and 
designed for a plug-and-use operation. Since its founding in 1997, AEB has placed >60 of these units 
in commercial operations. Of significance to the entire EB processing industry is AEB’s development 
of a low-cost, all-in-one, self-shielded laboratory unit.  This unit enables research on materials of 
sufficiently low gauge thickness, as liquids and even gases, to be conducted within any laboratory.[14]  
Figure 5a shows a two-module AEB unit open; Figure 5b with the shielding closed; and Figure 5c is a 
schematic of the module design and its operating principles. 



 

 
a.       b. 

c. 

FIG. 5. Accelerators; a. 50cm two module unit; b. 50cm two module unit shielded, c.  Low-voltage 
module operation 

Low-voltage EB technology based upon segmented filaments in parallel is used by the NHV 
Corporation (www.nhv.jp) in its CuretronTM, the main low-voltage accelerator used in Japan and in the 
Far East. The NHV Corporation was established in 2003 as a separate entity derived from Nissin-High 
Voltage, a division of Nissin Electric of Kyoto, Japan. Figure 6 shows a self-shielded 300 keV, 100 
ma Curetron at a research facility in Japan which can handle flat substrates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 6. 300 keV EB unit for curing on flat substrates 
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A major contributor to segmented-filament, low-voltage technology, was RPC 

Industries/Technologies.[15]  RPC had gone through several changes in ownership, which, for 
practical purposes, lead to its demise.  

 
Whether PCT Engineered Systems (www.teampct.com), which acquired the RPC 

BroadbeamTM technology in 2003, can revive these systems remains to be seen. Figure 7a shows a 
self-shielded low-voltage unit (without the power supply); Figure 7b illustrates its principles of 
operation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 7. Low-voltage EB unit (a. left) and Low-voltage EB Operation (b. right) 

 
The low-voltage arena has not been immune to some other failures. At one time RPC 

investigated the use of a plasma field to generate a low-voltage electron beam. While it was 
envisioned to be a lower cost approach than RPC’s use of segmented filaments, heavily funded 
experiments showed that any cost benefit was overcome by the costs of the controls needed to stabilize 
the plasma field.  In the very low-voltage area, a spin off from one of the US Department of Energy 
laboratories resulted in the Min-EBTM, a very low voltage (50 to 80 kV) and tiny module (<5 cm 
across) with no practical beam current (50 watts total output).  American International Technology 
sold this technology to the Japanese firm Ushio which now calls this small unit the LVEBTM (low 
voltage electron beam; www.ushiotpd.com). Given its lack of beam current, even at a very low 
voltage, the Min-EBTM or LVEB system has not gained industrial acceptance. The use of low-voltage, 
scanned electron beams, as had been developed by Polymer Physik in Germany, proved ineffective in 
this market and Polymer Physik is no longer in business. 

 

2.5. ELECTRON BEAM SOURCES: MID-VOLTAGE ACCELERATORS 

 
Because of the demands of high volume output in those industries that have accepted radiation 

processing, few have challenged the dominance of the two major suppliers of high current, mid-
voltage accelerators. In this area, two firms have sustained business and meet the requirements as 
viable industrial suppliers: 

 
 1 – Radiation Dynamics, Incorporated – now owned by Ion Beam Applications. 
 2 – NHV Corporation – formerly Nissin-High Voltage, one of the former affiliates of 

the pioneering High Voltage Engineering Corporation. 
 
Radiation Dynamics (RDI; www.e-beam-rdi.com) was founded by Marshall Cleland and 

Kennard Morganstern in 1958. Cleland’s invention, the RDI DynamitronTM, is probably the most 
robust accelerator ever designed.  

3.6m 
1.5m 



 
Dynamitrons are manufactured from 400 keV to 5.0 MeV and all with very high current 

capabilities. A 5.0 MeV Dynamitron has been developed capable of 60 mA of beam current or 300 
kW of total beam power. Morganstern, in cooperation with Joseph Silverman from the University of 
Maryland, also founded the biennial International Meetings on Radiation Processing, which have 
taken place in various parts of the world since 1976 and bring together gamma and electron beam 
industrial interests.  

 
These high-voltage, high current accelerators are the units relied upon in several industry 

service centers, most often used as the entry way to high current electron beam processing.  Service 
providers, as E-Beam Services (www.ebeamservices.com) and NEOBeam (www.ebeam.kent.edu and 
www.ebeam.kent.edu/neobeam) in the United States and BGS Beta Gamma Services (www.bgs.de) in 
Germany, Isotron in the United Kingdom (www.isotron.com), and the Japan Electron Beam 
Irradiation Service Company in Tsukuba, all use 4.5 to 5.0 MeV Dynamitrons. In Takasaki, Japan, 
there is also the Radia Industry Company (www.radia-ind.co.jp) which uses a 5 MeV, 150 kW 
Cockroft-Walton type accelerator from the NHV Corporation for its service business.  All of these are 
high current, industrial accelerators. 

 
The High Voltage Engineering Corporation (HVEC) was formed in 1947 by professors from the 

Massachusetts Institute of Technology, Robert Van de Graaff, William Buechner, John Trump and 
Denis Robinson.  HVEC developed the high current Insulating Core TransformerTM (ICT) accelerator.  
For many decades, key industrial markets, such as wire and cable, heat shrinkable tubing, heat 
shrinkable films, and the partial curing of tire components were developed through the concentrated 
efforts of HVEC and RDI.  These market uses remain the backbone of industrial radiation processing 
(see Figure 4 above). 

 
The break-up of HVEC in the early 1980’s provided an opportunity for servicing existing 

HVEC equipment.  This was seized upon by a former HVEC employee, Peter Wasik, and now Wasik 
Associates (www.wasik.com) not only provides parts and service for existing ICT accelerators, but is 
also engaged in accelerator manufacture. The French company Vivirad obtained drawings and know-
how from HVEC to form Vivirad High-Voltage, which has yet to develop a substantive market 
presence, having closed its US operation. The residual of High Voltage Engineering itself 
(www.highvolteng.com) in The Netherlands is now mainly engaged in the manufacture of ion 
implantation devices.  

 
As noted, the NHV Corporation (formerly operating as Nissin-High Voltage) has a substantial 

market presence in the Far East both with its low-voltage, self-shielded accelerators as well as with 
high current, mid-voltage equipment.  To complement its own accelerator development programs, 
going back into the 1960’s, Nissin Electric formed a joint venture with High Voltage Engineering in 
1970 to form NHV. NHV has installed >300 industrial accelerators in Japan and in the Far East [16]. 

 
There are >75 industrial electron beam accelerators in use in the former Soviet Union and 

Eastern Europe based on designs from the Budker Institute of Nuclear Physics (www.inp.nsk.su). The 
ILUTM and ELVTM accelerators offer meaningful beam currents suitable for industrial use. These 
accelerators are now also being marketed through a cooperative business arrangement with the Korean 
firm EB Tech, Limited (www.eb-tech.com). It remains to be seen if such arrangements can generate 
new market demand for EB equipment or only redistribute the narrow business base of accelerator 
manufacture on a regional basis. While the Chinese have produced their own copy of RDI’s 
Dynamitron, they have used such only for the adoption of known industrial technology within their 
own country and have not expanded into new markets [17]. Figure 8a is a schematic of the RDI 
Dynamitron; Figure 8b of an ELV-8 2 MeV, 100 kW EB accelerator. These are high current, mid-
voltage EB units. 
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FIG. 8. Mid-voltage accelerators: 5 MeV, 300 kW EB (a. left) and 2 MeV, 100 kW EB (b. right) 

The rigors of providing high beam currents and reliable operating performance should have 
proven a deterrent to capricious accelerator development in the mid-voltage range, but it has not.  A 
US Department of Defense (DOD) contractor, Science Research Laboratories (www.srl.com), had 
developed an innovative mid-voltage pulsed accelerator based on solid-state electronics.  However, 
this type of device, which an SRL affiliate, Electron Solutions Incorporated (users.aol.com/ElecSoln), 
has attempted to market, has found use only for research purposes. Many old Van de Graaffs and the 
PelletronTM accelerators made by the National Electrostatics Corporation (www.pelletron.com) 
provide comparable but low current EB capabilities for research purposes. SRL has also ventured into 
high-voltage 10 MeV accelerators, but with beam currents well below industrial requirements. 

 
Another technology derived from a DOE laboratory and that of the US Army Research 

Laboratory and the North Star Research Corporation of Albuquerque led to the development of a 
compact, nested mid-voltage generator, but with low beam current. Attempts to market this system by 
a licensee, the PracSys Corporation of Woburn, Massachusetts, met with market failure. Still another 
technological intrusion into industrial areas by a branch of the US Department of Defense was the 
abortive attempt by the Defense Nuclear Agency to build a stack gas irradiator in northern Virginia 
based on mid-voltage, high current requirements. The accelerator never worked and a spin-off 
company that attempted to market accelerators, Virginia Accelerator, no longer exists. 

 

2.6. ELECTRON BEAM SOURCES: HIGH-ENERGY ACCELERATORS 

 
Because of concerns over possible induced radioactivity, industry regards 10 MeV as the upper 

limit of electron beam energy. As with the other two segments of the accelerator market, the high-
energy arena warrants the caution of caveat emptor (buyer beware). Two firms have emerged as viable 
industrial suppliers of 10 MeV accelerators: 



 
 1 – Linac Technologies – a pioneer in the commercial uses for 10 MeV beams. 
 2 – Ion Beam Applications – the developer of very high current 10 MeV beams.  

 
Linac Technologies is the direct descendent of CGR-MeV, MeV Industrie S.A., a lineage where 

name changes have occurred with changes in ownership, but where Theo Sadat remains a constant in 
company guidance (www.linactechnologies.com).  Linacs are microwave linear accelerators based on 
the pioneering work of W. W. Hansen and his associates at Stanford University in the late 1940’s [18]. 
The antecedents of Linac Technologies helped launch the use of 10 MeV electron beam processing for 
food irradiation (1985) and for medical device sterilization (1987) [19,20]. This firm has also installed 
the only industrially viable accelerator for use in carbon fiber composite manufacture at the European 
aero-space consortium Aerospatiale’s facility in the Bordeaux region of France (1991), a 10 MeV, 2 
ma accelerator with some X ray capabilities [21]. Industrial linacs can be positioned vertically or 
horizontally or use bending magnets to arrange the accelerator and its scan system per end-use 
requirements. Figure 9 shows a 10 MeV linac installation; Figure 10a is a schematic of a complete 
linac installation, including its power supply; Figure 10c illustrates that the length of these linear 
accelerators (linacs) is proportional to the output voltage. At 10 MeV, the linac is ~4.3 meters long. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 9. Industrial 10 MeV Linac installation 

 

            

FIG. 10. Linac system (a. left) and its length (b. right) 
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More recently, Linac Technologies has focused on downsizing its accelerator capabilities to 

lower voltages and beam currents with products called the KeVacTM and MeVacTM. These units are 
used in self-shielded systems, the SterStarTM and the SterBoxTM, for in-line use in sanitization and 
sterilization operations involving pharmaceuticals and medical devices.   

 
Ion Beam Applications (IBA) has developed the first high current 10 MeV accelerator, the 

RhodotronTM, based on unique design concepts developed by Yves Jongen, the founder of IBA [22]. 
Whereas industrially used linacs have a maximum of 60 kW of total beam power, the Rhodotron has 
gone to 200 kW, with a system in development that will reach 700 kW at 7 MeV. The compact design 
of the Rhodotron has the capability of having multiple beam lines with different electron energies 
drawn off the same accelerator. The Rhodotron operates using bending magnets to accelerate electrons 
through a “figure eight” pattern. Figures 11a and 11b illustrate the basic operation of the Rhodotron (G 
is the filament source; D are bending magnets). 

 

 

FIG. 11. Schematic of the Rhodotron (a. left) and its Principle (b. right) 

The United State Postal Service has been using a 130 kW Rhodotron installed at a Sterigenics 
facility in Bridgeport, New Jersey, to sanitize mail for critical US Federal government departments 
and agencies, including the White House and Congress. A 10 MeV electron beam line has been used 
with trays of mail and a 5 MeV line with a tantalum X-ray target has been treating bulk mail in sacks 
[23]. Figures 12a and 12b illustrate the versatility of the Rhodotron, with one beam line being bent 
downward to a lower shielding vault and two others directed horizontally toward X-ray targets.  Only 
one beam line can be operating at any given time.  

 

 

FIG. 12. 10 MeV EB Facility(a. left)and 5 and 7.5 MeV X-ray Facility (b. right) 



 
Providers of gamma radiation services, such as Sterigenics and Steris in the United States and 

Studer-Hard (www.studer-hard.ch) in Switzerland, have acquired Rhodotrons as a complement to their 
use of radioactive Cobalt-60 for medical device sterilization. X ray processing for device sterilization 
and food irradiation has been accepted by US regulatory agencies. The use of 7.5 MeV electron beam 
generated X rays has recently been approved by the US Food and Drug Administration for use in food 
irradiation. Figure 13a is a picture of a 10 MeV Rhodotron; Figure 13b shows totes ready to be 
conveyed before a 2 meter X-ray target. 

 

  

FIG. 13. 10 MeV, 200 kW Rhodotron (a. left) and  Totes for X-ray processing (b. right) 

While X ray conversion has been considered by some to be energy inefficient, these X ray 
systems driven by high current electron beams are still more efficient than alternative systems relying 
upon heat and chemical exposure and comparable to Cobalt-60 gamma in penetration. X rays derived 
from high current accelerators exceed the processing rates obtainable with gamma treatment.  Beam 
current, accelerator voltage and the distance of the product from the X ray target can all be used to 
control dose-rate. Dose-rates of 120 kGy/hour (3.3 x 10-2 kGy/second) have been attained with a high 
current, 3 MeV accelerator. These dose-rates are notably higher than gamma dose-rates, but still much 
less than those from high current electron beams. Given this new, industrially viable modality of 
treating materials, much remains to be studied as to the X ray effects on polymers and polymeric 
precursors. In contrast to mono-energetic gamma rays, the energy spectrum of X ray photons is very 
broad, extending from about 30 keV up to the maximum energy of the electron beam striking the X 
ray target. Table III illustrates the through-put capabilities of X ray systems derived from high current 
electron beams as compared with the through-put of 10 MeV electron beam sources [24,25]. Figure 14 
shows that X ray penetration is comparable to that of the radionuclide, Cobalt-60. 

 

 

FIG. 14. Comparative EB, gamma and X-ray penetration 
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TABLE III. X-RAY PENETRATION AND BULK THROUGH-PUT CAPABILITIES 

 
 
Before divesting of MDS Nordion as a separate company, Atomic Energy of Canada, Limited 

(AECL; www.aecl.ca) engaged in the development of a 10 MeV, 60 kW electron beam accelerator, 
the IMPELATM to complement its isotope manufacture and sales. After nearly a decade of very 
qualified technical effort, AECL was only able to position two such accelerators in the market, one at 
the service provider E-Beam Services in New Jersey and another with Iotron Industries Canada 
Incorporated (www.iotron.com) in British Columbia. AECL made another linac with lower power for 
Acsion (www.acsion.com) in Manitoba.  

 
Entry into the high voltage, high current accelerator area is fraught with perils.  For example, 

BetaBeam of Ohio failed to deliver on a purchased 10 MeV unit and went out of business, with their 
facilities in Lima, Ohio, based on a CGR MeV (now Linac Technologies) unit, being taken over by the 
Titan Corporation (www.titan.com), a US defense contractor.  These facilities were used for medical 
device sterilization. 

 
Another firm, using lower power, self-shielded designs based on Russian technology, 

BioSterile, also failed in marketing attempts to provide a compact unit for in-line device sterilization.  
Remnants of their business were rectified by MEVEX (www.mevex.com) of Ontario, Canada.  
MEVEX is gaining reputation as an accelerator parts and service company and could emerge as a 
knowledgeable supplier of high-energy, medium power accelerators. Others, who focus mainly on 
research units and service, such as the Schonberg Research Corporation in California 
(www.srclinac.com), are prudent not to attempt to enter this market as a full scale equipment supplier.  
While some, such as the then Technical Systems in the United Kingdom, with its LintecTM beam, have 
also gone out of existence.  Unfortunately, for years US Department of Energy (DOE) resources were 
expended at the Sandia National Laboratories in an attempt to interest the commercial radiation 
processing industry with its accelerator technology.  This technology was based on pulsed, magnetic-
induction linacs which could not meet the industry requirements for near-continuous operation [26]. 

 
For many years Varian (www.varian.com), a predominant manufacturer and supplier of X-ray 

equipment for diagnostic purposes and of accelerators for cancer treatment, the ClinacTM system, 
attempted to use its electron accelerator know-how to enter the industrial market. The MegaRayTM 
systems, ranging from 2 to 10 MeV, but with limited power (5 kW maximum) never gained 
commercial acceptance. In 1997, Varian formed a strategic alliance with the defense contractor, the 
Titan Corporation (www.titan.com), to install an accelerator for medical device sterilization under the 
auspices of Titan’s wholly-owned subsidiary, SureBeam. The Titan Corporation expanded the 
SureBeam operation and SureBeam began to obtain significant contracts for food irradiation.  



 
In 2004, SureBeam filed for Chapter 7 bankruptcy. Under this form of bankruptcy action in the 

United States, SureBeam was forced to close its various radiation processing facilities.  One such 
facility was the one in Lima, Ohio, that was obtained through the liquidation of BetaBeam’s assets.  
Although initially examined as a possible site to sanitize US mail from any potential anthrax threat, 
this facility was found to have insufficient accelerator power to accommodate the turn-around times 
needed by the US Postal Service (see above).  

 
Nonetheless, the Titan Corporation sold several of such low power, 10 MeV beams to the US 

Postal Service. None of these are to be deployed for their intended use, sanitizing mail. These low 
power accelerators are now in the process of being reallocated to US national laboratories for research 
activities. The industrial credibility of all engaged in radiation processing is challenged by the 
pretentious remarks from Titan that food irradiation was derived from the fantasy weapons program 
called “Star Wars.”  Food irradiation, its safety and efficacy, long pre-dated the movie series.  

 
In the beginning of 2005, a new, independent company was formed, BeamOne (www.beam-

one.com), which acquired the three Titan/SureBeam facilities engaged in medical device sterilization: 
the one in Lima, Ohio, another in Denver, Colorado, and a third facility in San Diego, California. 
Titan itself has retained the contracts on food irradiation.  A public offer to acquire the Titan 
Corporation has been made by L-3 Communications Holdings Inc., a maker of satellite and marine 
communication equipment. L-3 Communications is mainly interested in the Titan Corporation’s US 
Department of Defense affiliations.  

 
The summary of the viable suppliers of industrial accelerators and lists of a few without as yet a 

global presence is given below: 
 

 Low-voltage Self-shielded units: 
o Energy Sciences Incorporated (www.ebeam.com) 
o NHV Corporation (www.nhv.jp) 
o Advanced Electron Beams (www.advancedelectronbeams.com) 

 
 Capabilities, but not well known:  

 Budker Institute of Nuclear Physics (www.inp.nsk.su)  
 

 Mid-voltage, High Current units: 
o Radiation Dynamics Incorporated (www.e-beam-rdi.com) 
o NHV Corporation (www.nhv.jp) 

 
   Capabilities, but not well known:   

 Budker Institute of Nuclear Physics and its collaboration with  
 EB Tech, Limited (www.eb-tech.com) 
 Wasik Associates (www.wasik.com) 

 
 High-Energy, Industrial units: 

o Linac Technologies (www.linactechnologies.com) 
o Ion Beam Applications (www.iba.be) 

 
   Capabilities, but not well known:  

 MEVEX (www.mevex.com) 
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2.7. RELATING OUTPUT POWER TO MATERIALS EFFECTS 

 
Radiation sources are characterized by their output power. Acceleration voltage times beam 

current equals power output for EB and X-ray systems (e.g. 3 MeV x 33 mA = 100 kW). Gamma 
sources are characterized by curies of isotope activity with one megacurie equal to fifteen kilowatts (1 
MCi = 15 kW). Thus, the output for a 24 kW X ray system, which would have approximately the same 
penetration depth as gamma rays from a Cobalt-60 source, would be equivalent to the activity of a 1.6 
MCi source, dose-rate differences not being taken into account. 80 kW of X-ray output thus being the 
equivalent of 5.3 MCi from an electrical source which can be turned on and off as desired and not 
diminished over time. 

 
The term “dose” is used to describe the exposure of materials to radiation. “Dose” is defined as 

what is absorbed by the material, not by what is emitted from the source. Both electron beam and 
gamma sources rely upon a “standard” unit of measure for “dose,” the gray (Gy). The gray is defined 
as the amount of energy absorbed per unit mass with one gray = 1 x 104 ergs/gram. The commonly 
used kilogray (kGy) = 1 Joule/gram = 0.24 calories/gram = 0.24 ºC rise in the temperature of water per 
kGy [27,28]. 

 
ASTM International lists twenty-one “Guides” and “Practices,” with corresponding ISO 

acceptances, involving dosimetry and an additional five only as ASTM International documents.[29]  
Within the parlance of ASTM, “Guides” and “Practices” need not be subjected to empirical round-
robin end-user evaluations to determine precision and bias (for example, per ASTM E-691 – 
“Standard Practice for Conducting an Interlaboratory Study to Determine the Precision of a Test 
Method”), as are the more common ASTM “Standard Methods of Test.”  

 
To deal with absorbed energy, the primary means for determining “dose” is calorimetry.  For 

electron beams, the document pertaining to calorimetric measurements is ISO/ASTM 51631:2003 – 
“Practice for Use of Calorimetric Dosimetry Systems for Electron Beam Dose Measurements and 
Dosimeter Calibrations” which deals with 1.5 to 12 MeV beams. Even when doing calorimetry 
studies, inferences are made as to dose-rate effects based on extrapolations from low dose-rate 
experimental results obtained using low current research equipment, not the high current accelerators 
that are used in industry.[30]  With high current, low-voltage accelerators, issues such as loss of beam 
energy in air have been addressed when doing calorimetry [31]. 

 
Proper calibration for the low-voltage equipment that is gaining market acceptance warrants 

further investigation.  Surprisingly, no such comparable ASTM International document exists for the 
use of calorimetry using the same type of graphite calorimeters with gamma sources also being used 
by industry. 

 
National standards laboratories use low dose-rate gamma sources to establish calibration curves 

and to calibrate transfer dosimeters. In lieu of inter-laboratory studies, the dosimetry community (ISO 
and ASTM International) relies upon estimates of uncertainty in “dose” measurement (ISO/ASTM 
51707:2002 – “Guide for Estimating Uncertainties in Dosimetry for Radiation Processing”). These 
vary with the kind and type of dosimeter.  

 
Thin-film dosimeters, bear in mind, only respond to surface effects and do not actually measure 

“dose.”  Absorbed “dose” in a material with any thickness can be inferred through calculations, but not 
measured directly, although thin-film dosimeters can be placed in complex products such as medical 
devices to indicate the internal “dose” variations. Table IV summarizes information on the nominal 
precision and uncertainties of surface dosimetry measurements for dosimeters that can be used in 
industrial applications [29,30,32]. 



 

TABLE IV. ESTIMATES OF PRECISION AND UNCERTAINTIES FOR DOSIMETRY SYSTEMS 

 

 
 
The uncertainties from ASTM International documents are at the 2-sigma or 95% confidence 

level. Given the greater precision of alanine systems, national laboratories have relied upon such 
dosimeters as transfer standards. In the marketplace, however, industry is plagued by competing 
claims from various dosimeter producers. It would seem that if one is going to make any 
measurements, one should attempt to use the most accurate and cost-effective system.  Measurement 
protocols that are highly operator dependent and time consuming impede efficient manufacturing 
processes. In seeking to improve the overall efficiency of dosimetry systems, the US National Institute 
of Standards and Technology (NIST) has incorporated automated alanine dosimeter reading into its 
development of an electronic traceability/certification system which, when fully operational, will be 
able to certify dosimetry measurements twenty-four hours a day, seven days a week (24/7).[33]  
Figure 15 shows an alanine pellet or alanine coated film electron paramagnetic resonance (EPR) 
reader that can be linked by tele-networking to the NIST system. The films are all bar-coded and the 
reader stores this identification along with the EPR reading to provide in-house traceability. 

 
 
 
 
 
 
 
 
 
 

 

FIG. 15. EPR Reader with Possible NIST Electronic Traceability 

 
Dosimetry is important when dealing with matters that are governed by regulations, such as 

medical device sterilization and food irradiation. While these are significant for gamma processing, 
they represent a small fraction of electron beam use. Most users of electron beam processing rely upon 
performance based criteria, not dosimetry [34]. Because gamma sources can be readily scaled down, 
they have been widely used in research. One must be cautious, however, in basing value judgments 
upon results obtained using low dose-rate gamma sources or, for that matter, low dose-rate research 
accelerators if indeed the ultimate process will involve high dose-rate electron beams. For example, 
the dose-rate effects on polypropylene, a basic polymer used in medical devices, were observed many 
years ago. Under low dose-rate radiation, it was held that the long time period of gamma radiation 
permitted oxygen permeation to advance and thus aggravate the radiation degradation process [35]. 
Similar dose-rate effects, perhaps in conjunction with other factors, have been more recently observed 
when dealing with the elimination of bio-hazards themselves, with higher surface exposures required 
to compensate for depth-dose considerations [36,37,38]. 
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TABLE V. BACILLUS ANTHRACIS AND SIMULANT STUDIES 

 
 
It may be that at low dose-rates DNA based bio-hazards have sufficient time to permit some 

type of recombination of the DNA fragments, in effect a self-healing process, as may be hormesis.  
The replication of DNA itself is a time-dependent phenomenon. DNA replication in humans can occur 
at a rate of 50 nucleotides per second and for some bacteria at a rate of 500 per second. However, there 
is as yet insufficient information on the time-dependence of such DNA processes and high dose-rate 
radiation exposure that would enable one to develop informed opinions. The consequences of dose-
rate dependence on bio-burden kill would have significant impact on the demands for radiation 
tolerance being placed upon polymers used in the medical device and in the food packaging industries. 
Likewise, regulations which were established based on low dose-rate studies may need to be revised in 
order to segregate gamma, X ray and industrial EB processing, given their differences in dose-rates, 
instead of combining all under the name of radiation. The 25 kGy minimum for device sterilization 
could possibly be lowered for high dose-rate systems and the maximum “dose” levels prescribed for 
food also lowered. Likewise, the linear regression models used in developing such prescribed dose 
limits may not hold at high dose-rates.  Perhaps a linear-quadratic model is more apropos [39]. Figure 
16a illustrates that some data developed using a high current, high dose-rate electron beam may indeed 
better fit the curvature of a linear-quadratic model, as depicted in Figure 16 b. 

 

 

FIG. 16. Survival of Bacillus(a. left), and Linear-Quadratic model Anthracis Simulant(b. right) 

 
Depending upon the surface dosimetry system used, “dose” for any quality assurance program 

should more properly be expressed as a range.  Using the ASTM International uncertainties, alanine 
“dose” would be 25 +/- 0.75 or a range of 24.25 to 25.75 kGy for a given set of readings; for 
radiochromic films, “dose” would be 25 +/- 1.5 or a range of 23.5 to 26.5 kGy. In the operation of 
multi-site facilities, industrial firms are interested in their own inter-comparison amongst their own 
operations. A study conducted on behalf of the European Union indicated that even the most precise 
dosimetry system, alanine, gave a variance of 10% at the 2-sigma or 95% confidence level with the 
dosimeters being read at national laboratories.[40]  Such spread reflects operational differences 
amongst the wide variety of facilities included in the program as well as facilities more likely 
accustomed to establishing “dose” based on historic use of less precise systems and more likely being 
unable to perform alanine dosimeter measurements on site.  



 
Clearly, the entire radiation processing industry would benefit by agreement on one best method 

to determine “dose” and greater inter-laboratory agreement amongst end-users on such best system.  In 
the 21st century, the measurement community as a whole is striving for greater and greater precision 
and accuracy.  Radiation processing should not be an exception. 

 

3. POLYMERS AND POLYMERIC PRECURSORS  

3.1. CHEMICAL REACTIONS AND PROPERTIES OF INTEREST 

 
Industrial radiation processing is based on a solid foundation of fundamental work done on 

polymers and polymeric precursors, some dating back to the late 1950’s and early 1960’s.  Arthur 
Charlesby in the United Kingdom[41], Adolphe Chapiro in France[42],  Malcolm Dole, Vivian 
Stannett and Joseph Silverman[43] in the United States, Sueo Machi and Yoneho Tabata in Japan and 
Alexei Pikaev in Russia, all pioneered the basic understanding of how this form of energy transfer 
affects materials.   

 
In dealing with polymers, the predominant chemical reaction of interest is the hemolytic 

cleavage of carbon-hydrogen bonds to form free radicals, leaving atoms along a molecular chain with 
an unpaired electron. Carbon-halide and carbon-methide hemolytic bond cleavage are also of 
industrial importance. The free radical opening of vinyl double bonds in elastomers and in polymeric 
precursors is of significance in the crosslinking of tire components and of materials used in inks, 
coatings and adhesives respectively. These free radical reactions are initiated by direct impingement of 
a material by radiation, be it in the form of accelerated electrons, gamma rays, or the slightly less 
energetic X rays, having more controllable and higher dose-rates than gamma emissions. Such direct 
impingement of radiation on materials contrasts sharply with widely known and industrially used 
forms of energy transfer as convection heating and the use of thermo-chemical reactions, most of 
which require catalytic initiation. Thermo-chemical systems are grossly inefficient in terms of energy 
transfer in comparison to radiation processes [7,44,45]. 

 
The second basic chemical response to radiation of industrial consequence is the trapping of 

energy from electrons, gamma rays or X rays by cyclic ring structures such that the absorbed energy 
resonates within the carbon ring itself. Polymers based on ring structures, such as polystyrene (PS), 
polycarbonate (PC), and polyethylene terephthalate or polybutylene terephthalate (PET or PBT) are 
known for their radiation resistance, being able to be exposed to thousands of kGy with little effect on 
the material’s mechanical properties. 

 
A third chemical response to radiation of industrial interest is color-body formation. This mostly 

pertains to the use of plastics exposed to radiation in sterilization processes. Medical devices 
themselves and their blister packaging materials have to remain as near colorless as possible.  
Polyvinyl chloride (PVC) materials when exposed to radiation in the sterilization process should not 
turn dark brown. It is generally held that color-bodies are formed by non-carbon materials, obviously 
the halide excitation in PVC, but also residuals in materials such as PC and PET. A material such as 
polysulfone (PSU), for example, with its abundant internal sulfur linkages has little chance of retaining 
its transparency and water-white color upon exposure to any form of radiation, becoming dark brown 
under exposures required for sterilization. 

 
Most polymers that have wide commercial acceptance in radiation processing are addition 

polymers. While research has been done with condensation polymers, such as polyurethanes and 
polyamides (nylons), these require special formulating approaches to render them radiation 
responsive. Even when astutely formulated, these condensation polymers have not shown much 
commercial merit after exposure to radiation. 
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Cationic reactions have shown minor commercial interest in the radiation processing industry. 

These result from heterolytic bond cleavages often generated from the dissociation of highly 
specialized initiation catalysts. Cationic chemistry has been explored in the coatings industry and for 
use with matrix materials in prototype electron beam cured carbon fiber composites. The main 
advantage of this chemistry is that it is not inhibited by the presence of oxygen so that crosslinking can 
take place in air, not being perturbed by oxygen inhibition, a special concern in the coatings area.  The 
catalysts used in this chemistry can be costly and have been found to lack long-term shelf-stability 
when used in formulated products. Cationic reactions are also sensitive to humidity and often require 
some thermal post-cure in order to go to completion [46]. 

 
Many polymer properties are of interest. The demands of a given application spell out a specific 

set of properties which in turn dictates the choice of polymer type and within a given type a specific 
grade.  In general, one should be aware of molecular weight (weight average = Mw; number average = 
Mn), molecular weight distribution (Mw/Mn), and molecular weight between crosslinks (Mc). 
Molecular weight and molecular weight distribution influence how easily a high molecular weight 
polymer, either a thermoplastic or an elastomer, will process using melt processing equipment, such as 
extruders, molding presses and so forth.  Mw is close to the viscosity average molecular weight, which 
for thermoplastics governs the melt flow of the material.  

 
For elastomers, low Mw also indicates ease of processing prior to crosslinking. Measurements 

for bulk melt or elevated temperature flow properties rely on different tests for different types of 
materials. For example, melt index (MI) is used for polyethylenes and melt flow rate (MFR) is used 
for polypropylenes; the lower the molecular weight, the higher the MI or MFR, when tested per 
ASTM D-1238, “Standard Test Method for Melt Flow Rates of Thermoplastics by Extrusion 
Plastometer.”[47] For polycarbonates, ASTM D-3935 “Standard Specification for Polycarbonate (PC) 
Unfilled and Reinforced Material” is appropriate.   

 
For PET, intrinsic viscosity in solution is used, per ASTM D-4603 “Standard Test Method for 

Determining Inherent Viscosity of Poly(Ethylene Terephthalate) (PET) by Glass Capillary 
Viscometer” [48]. For elastomers, the Mooney viscosity is most commonly used, ASTM D-1646 
“Standard Test Methods for Rubber—Viscosity, Stress Relaxation, and Pre-Vulcanization 
Characteristics (Mooney Viscometer)”[49]. Higher Mooney units indicate higher molecular weight for 
an elastomer. Vendor specifications include such industry recognized indicators of Mw. Reputable 
vendors will also be able to provide an indication of molecular weight distribution (MWD). All of 
these factors are very grade specific and can differ from vendor to vendor and within vendor product 
grade slates. There are no generic materials in any category, but a plurality of grades. 

 
In looking at the various markets served by industrial radiation processing (Figure 1), the 

dominant use of this process technology is to crosslink a material, be it a thermoplastic as 
polyethylene, an elastomer as used in tire components or a polymeric precursor as used in inks, 
coatings and adhesives. Crosslinking is the formation of a three-dimensional polymer network (ASTM 
D-883, “Standard Definitions of Terms Relating to Plastics) [49]. Such networks are insoluble, 
forming a gel in solvents. 

 
The linking of molecules without gel formation is considered to be chain extension which 

results in increases in molecular weight (Mw) and shifts in molecular weight distribution (MWD).  
While the morphology or structure of any given material governs many mechanical properties and 
physical attributes of a crosslinked product, in many applications it is important to understand the 
significance of the crosslinked density, which reflects the molecular weight between crosslinks, Mc, as 
illustrated in Figure 17. 



 

 

FIG. 17. Illustration of Mc in Crosslinked Materials 

In using radiation processing in the production of grafted polyethylene films for battery 
separators, a very high crosslinked density is desired to control ion flow [50, 51]. In tire manufacture, 
low crosslinked density and modest gel content (~30 to 60%) is desired in order to permit the tire to 
knit or flow together in subsequent molding operations which rely upon thermal curing. In heat 
shrinkable products, films or tubings, Mc governs the elastic recovery force when a crosslinked 
product is taken above its melt transition to shrink around an object. In coatings, controlled Mc is 
needed in order to balance surface hardness and impact resistance. In pressure sensitive adhesives 
(PSAs) that are crosslinked using electron beams, a controlled Mc is needed to balance tack and hold 
properties [52,53]. 

 
In subjecting any polymer to electron beams, gamma rays or X rays, the intensity of energy 

input and multitude of hemolytic bond cleavages can result in either polymer chain extension and then 
crosslinking or polymer breakdown and scissioning. Radiation chemistry has adopted a symbolism to 
categorize the relative tendencies for polymers to respond in either direction, Gx for crosslinking and 
Gs for scissioning. The G factor is defined as the event yield in a material for every 100 electron volts 
absorbed. The Systeme International (SI) unit for G is expressed in micro-mols per Joule of absorbed 
energy, μmol/J [54]. In radiation exposures of polymers and polymeric precursors, there are competing 
crosslinking (Gx) and scissioning (Gs) events. The preponderance of one over the other indicates what 
will happen with a given polymer. For polymers that crosslink, one can calculate Gx from the gel 
point, a point at which a polymer becomes insoluble. Knowing the average molecular weight of a 
polymer (Mw) and its “dose” at gel (dg), one can determine Ggel and thus arrive at comparative Gx 
values for various polymers. The dose at gel (dg) can be determined experimentally through a series of 
solubility tests using incremental increases in exposure or “dose,” as illustrated in Figure 18 [55]. For 
some polymers, such as very high melt index polyethylenes (low molecular weight), the competing 
crosslinking and scissioning events cancel each other out so that no effect is observed. For polymers 
with ring structures in which the absorbed radiation is believed to resonate within the carbon ring, the 
Gx and Gs values are very low, at the order of 10-2 [54]. 

 

 

FIG. 18. Illustration of the Determination of Ggel 
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The Gx and Gs values for many polymers that have relevance in industry has been compiled by 

Keith Dawes and Leon Glover, contemporary leaders in the area of radiation chemistry as it pertains to 
polymers in the employ of Tyco Electronics (formerly the Raychem Corporation, a pioneer in the use 
of electron beam processing) [54]. 

 
While this information helps understand underlying radiation chemistry, most industrial uses, 

not governed by regulatory regimes, as are device sterilization and food irradiation, rely upon industry 
specific end-use product tests. Inks and coatings are subjected to solvent rubs per ASTM D-5402 to 
determine cure or the effects of radiation processing on them. Partially EB cured rubbers are evaluated 
in the tire industry by measuring the modulus increase per ASTM D-412.  Radiation crosslinked 
thermoplastics, such as those used in wire and cable jacketing and for heat shrinkable tubing and films, 
are evaluated for their modulus above the melt transitions of the thermoplastic as per ASTM D-638 
and D-882. “Dose” or surface “dose,” if it is used at all, is at most a communication or linguistic 
device to enable vendors and users to communicate their respective experimental results and not 
necessarily a process control tool [34]. 

 
With irradiated thermoplastics, crosslinking takes place in the amorphous regions of the 

polymer. Crystalline domains which determine melt transitions, Tm, are thus mostly unaffected. While 
one can enhance the properties of a thermoplastic above its melt transition using electron beam 
crosslinking, one cannot change the transition temperature itself [56]. Thermal mechanical analysis, as 
in ASTM E-1545, or differential scanning calorimetry, as in ASTM E-1356, can also be used to 
determine melt transitions and will still show melt transitions even as the crosslinked polymer is 
heated in a test instrument [57]. Since the radiation response of polymers are grade specific, one 
cannot simply rely upon general material properties to determine a suitable grade for use in a material 
that will undergo radiation processing.  

 
All commercial polymers are manufactured with stabilizers needed to protect the polymer from 

thermal conditions encountered during their manufacture. Such stabilizers can affect radiation 
response. So too can slight changes in polymer morphology. In any instance, an empirical evaluation 
and the development of a dose-profile, that is the response of radiation sensitive properties to surface 
“dose,” is warranted before choosing a given grade for a given application. 

 
 

4. RADIATION EFFECTS ON POLYMERS AND POLYMERIC PRECURSORS 

4.1. POLYETHYLENES 

 
If it were not for the fact that Charlesby observed that polyethylene crosslinked when exposed 

to radiation, there may not be an radiation processing industry.[58]  This coupled the use of radiation 
with what has becomes the world’s most inexpensive commodity polymer.  More than half of all of 
the industrial electron beam accelerators (Figure 1) are used in crosslinking polyethylene.  There are 
four major market end-uses that rely upon the radiation processing of polyethylenes (PE): 

 
 1 – Wire and cable insulation 
 2 – Heat shrinkable tubing and wraps 
 3 – Heat shrinkable food packaging films 
 4 – Controlled density closed-cell foams 

 
In wire and cable applications, crosslinking prevents insulation from dripping off an over-heated 

wire, as could result from a short circuit, or when exposed to the high heat of an automotive engine or 
even a fire. Because of concerns over toxic emissions if the insulation were to burn, changes in flame 
retardant additives have gone away from combinations of antimony oxides and halogen donors to 
aluminum hydrates. 



 
Although there are a few proponents of chemically grafted polyethylene for use in wire and 

cable applications, by and large the industry has found electron beam crosslinking to be the most cost-
effective approach.  While a number of companies formulate their own polyethylene compounds, 
especially to take advantage of the value of specific PE grades which may be domestically produced, 
one can initiate use of electron beam crosslinking through the purchase of fully formulated materials, 
such as those provided by the Zylon Corporation (www.zylon.com) or by Equistar 
(www.equistar.com) now a Lyondell Company. Equistar’s technology is derived from early basic 
work on wire and cable compounding done then by Union Carbide.  

 
Such formulated compounds have already been designed to meet industry specifications and 

requirements, such as the Underwriters Laboratories standards for flame retardancy.  Entry into the 
radiation crosslinked wire and cable market can also be facilitated through the use of service centers 
which have high current electron beams. Most such centers also have excellent under-beam handling 
equipment for wire. Figure 19 illustrates the benefit of radiation crosslinked wire and tubing 
compounds in meeting non-drip and flame retardancy tests. 

 
Heat recoverable products, such as tubing, wraps and films, are first extruded, then radiation 

crosslinked, and stretched above the melting point to a desired expanded dimension, chilled and made 
ready for sale. Crosslinking enables the polymer to retain some strength above its melt transition.  
Upon reheating, the crystalline domains that have held the material in shape melt and the crosslinked 
polymer behaves as a weak elastomer, recovering back to its initial size and shape. The key to the 
manufacture of these products lies in the design of the equipment used to expand or stretch the 
crosslinked material.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 19. Flame Retardant Wire Jacketing 

Paul Cook, the founder of the Raychem Corporation (now part of Tyco Electronics) and one of 
the first major users of radiation processing, developed an expansion device for tubing [59]. Another 
user who pioneered industrial radiation processing, Bill Baird, with Cryovac then part of W. R. Grace 
and now part of the Sealed Air Corporation, developed a film expansion process for the manufacture 
of heat shrinkable food packaging film [60,61]. To this day, Raychem most likely exceeds any other 
corporate entity in total EB power; whereas Cryovac has more EB units than anyone else (using lower 
power accelerators than Raychem).  It is important to note that these two major market uses for 
radiation processing were developed by pull from the end-users of radiation processing, not by market 
push from equipment manufacturers. 

 
Another significant use of radiation crosslinking of polyethylene is in the manufacture of closed 

cell foam. Use of radiation crosslinking eliminates the attempt to use two competing thermo-chemical 
reactions, one to crosslink the PE and another to blow it into a foam.  
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With radiation processing, extruded PE with a blowing agent incorporated in it is crosslinked 

under an electron beam with minimal or no thermal input.  The extrudate is then brought between 
plates and heated to release the gas from the blowing agent.  The type of PE used, the amount of 
blowing agent, the radiation exposure and process for blowing, all contribute to a well defined closed 
cell foam structure. Voltek (www.voltek.com), now part of the Sekisui Chemical Company and 
originally formed as a joint venture between Sekisui and High Voltage Engineering, has developed a 
myriad of uses for these radiation crosslinked PE foams, including significant uses in automobiles for 
safety and protection and in medical devices [62,63]. Figure 20 illustrates a diversity of products made 
using radiation crosslinked PE closed cell foam for the medical device industry. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 20. Closed cell PE foams 

The radiation response of various polyethylene types has been well characterized. In general, 
Gx is ~1 and Gs <0.1 [54]. High density polyethylene (HDPE) with its higher crystallinity requires 
fewer crosslinks for property enhancement and thus often less EB exposure than lower density 
polyethylenes [56]. Linear low density (LLDPE) polyethylenes with a broad molecular weight 
distribution (MWD) have been reported to have better response to radiation than the more common 
narrow MWD LLDPE’s. 

 
The relatively new metallocene catalyzed polyethylenes (mPE) respond positively to radiation 

and crosslink well. The influence of comonomer type and content also affects the relative exposure 
needed for crosslinking. Copolymers with acrylate comonomers (methyl or ethyl, EMA or EEA) 
respond better than more common vinyl acetate comonomers (EVA) at the same comonomer content 
[64]. Since comonomer content detracts from some of the desirable properties of polyethylenes, such 
as resistance to moisture vapor (ASTM F-1249 “Standard Test Method for Water Vapor Transmission 
Rate Through Plastic Film and Sheeting Using a Modulated Infrared Sensor” MVTR) [65] and good 
dielectric properties (Figure 21), it will be interesting to see if blends with mPE’s with their 
outstanding optical clarity and non-polar comonomers can replace more traditionally used copolymers.  
Blends with mPE will effectively lower combined melt transitions, but not detract from moisture 
barrier or dielectric properties. They can also impart the suppleness and impact resistance traditionally 
found with copolymers. 

 
The ethylene copolymer made with vinyl alcohol, ethylene vinyl alcohol (EVOH), responds 

positively to radiation and is the preferred gas barrier inter-layer in food packaging films that are 
radiation crosslinked to make heat shrink films or as films for pre-packaged foods that will be 
irradiated. Ultra-high molecular weight polyethylenes (UHMWPE) respond positively to electron 
beam radiation.  
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Some concerns over surface oxidation may be related to dose-rate effects during sterilization 

processes, wherein gamma radiation has a significantly lower dose-rate than electron beam processing 
and, as a result, material is allowed to be in an ozone rich environment for a long period of time. 

 

 

FIG. 21. Effect of Comonomer Content on PE Properties 

PE crosslinking, that is the formation of a three-dimensional insoluble polymer network, 
proceeds via the abstraction of a hydrogen atom from the saturated PE backbone.  The free radical left 
on the carbon chain then finds another free radical site on an adjacent carbon on another molecule to 
form a crosslink, with the abstracted hydrogen combining with another abstracted hydrogen to form a 
gaseous, readily diffused by-product, hydrogen (H2).  In all cases, specific grade responses to radiation 
must be studied to make value judgments as to the suitability of any grade for a given application.  
Figure 22 illustrates this basic PE crosslinking reaction – the fundamental radiation reaction upon 
which many industrial applications are based. 

 

 

FIG. 22. Crosslinking of Polyethylene 
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4.2. POLYPROPYLENES 

 
Polypropylene (PP) is used in medical device manufacture because of its stiffness and greater 

resistance to thermal distortion (Td) than that of even the highest density (0.965) HDPE, ~20ºC greater 
in standard heat deflection temperature tests, such as ASTM D-648.[46]  However, when exposed to 
radiation, polypropylenes are known to chain scission.  This issue, which is aggravated by the 
presence of oxygen, was successfully overcome by the work of Joel Williams and Terry Dunn at the 
Becton, Dickenson and Company. A long-lived trapped methide radical was identified as the source of 
continued polymer degradation. Stabilizer systems were developed that quenched this long-lived 
radical and inhibited oxidative degradation as well [35, 66]. These systems enabled medical products, 
such as syringes, to be sterilized using radiation processing, notably electron beam sterilization.  
Figure 23 shows a diversity of syringes made from radiation tolerant polypropylenes.  There are now 
commercially available radiation tolerant polypropylene grades from major suppliers in the US as 
Huntsman (www.huntsman.com) and Exxon-Mobil (www.exxonmobilchemical.com).  The issue of 
polypropylene stability need not be of concern to those considering using radiation sterilization for 
medical devices [67]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 23. Radiation tolerant polypropylene syringes 

The recently developed metallocene polypropylenes (mPP) exhibit the same degradation 
responses as more crystalline polypropylenes. The suppleness of the mPP resins indicates they may be 
more suited for packaging films than for device manufacture. Depending upon the test protocol one 
uses to evaluate radiation stability, the very low modulus of mPP can confuse the interpretation of 
results. Because of their excellent optical clarity, mPP as well as mPE have been proposed for use in 
blends with polypropylene (PP) as an alternative to plasticized polyvinyl chloride (PVC) [68]. 

 
The chain scissioning of polypropylene has been turned into a commercial advantage by Basell 

(www.basell.com) in the actual manufacture of polypropylene resins with enhanced melt strength [69]. 
These materials exhibit enhanced film forming properties in subsequent extrusion processes. The 
process itself fulfills a vision for radiation processing back in the 1950’s when considerable attention 
was given to exploring the use of this form of energy transfer in polymer manufacture. At that time, 
however, accelerator source technology was not what it is today, capable of operating at the 24/7 pace, 
the twenty-four hours a day and seven days a week level. 

 
The problem overcome by astute formulation was that upon exposure to ionizing radiation, 

polypropylene formed a methide radical which remained trapped within the crystalline domains of the 
polymer. Over time this trapped radical, especially if combined with oxygen, would propagate chain 
scissioning and an embrittlement of the base polypropylene grade. Figure 24 depicts this scissioning 
reaction. 



 

 

FIG. 24. Chain Scissioning of Polypropylene 

Properly formulated, polypropylene copolymers, impact grades made with a small amount of 
ethylene, have been shown to crosslink upon exposure to an electron beam.  This permits the use of 
polypropylene in market areas such as wire and cable jacketing and closed cell foam.  The key is the 
use of multifunctional monomers, such as trimethylol propane triacrylate (TMPTA) or triallyl 
cyanurate (TAC), to shift the kinetics of the free radical reaction from scissioning to crosslinking.[70]  
These same additives are also known to accelerate the radiation response of polyethylenes. 

 

4.3. POLYVINYL AND POLYVINYLIDENE CHLORIDE 

 
Polyvinyl chloride (PVC) is desirable in wire and cable jacketing because of the inherent flame 

retardancy of this halogenated polymer and its relatively low cost. PVC itself will degrade when 
exposed to radiation. However, it has long been known that multifunctional monomeric additives will 
reverse this chain scission and enable PVC to be crosslinked using electron beams.   

 
Of concern has been the discoloration of PVC materials, such as tubing, bags and other low cost 

medical supply items, when exposed to radiation sterilization. This issue too, however, has been 
overcome by the astute use of additives. A division of a basic producer of PVC resins, Solvay, 
acquired the assets of Ellay Plastics in California to form Solvay Draka (www.solvaydraka.com).  
Ellay had well demonstrated radiation tolerance of its PVC compounds without their darkening or 
notably changing color upon exposure required for sterilization. Without proper formulating, PVC will 
chain scission upon exposure to ionizing radiation and yield corrosive decomposition products. 

 
Another chlorinated thermoplastic material, polyvinylidene chloride (PVdC) not only severely 

discolors but also chain scissions upon exposure to electron beam or gamma radiation.  Although 
PVdC is known for its gas barrier properties, as in the commercial film Saran WrapTM, this polymer 
should not be used as an inter-layer in irradiated food packaging films.  
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4.4. FLUOROPOLYMERS 

 
In general, the observation that polymers with tetra-substituted carbon atoms tend to degrade 

and chain scission holds in most instances [71]. This is the case for PVdC, for polyisobutylene (PIB) 
and its isoprene copolymers, butyl rubbers (IIR), for polymethylmethacrylate (PMMA) and for 
polytetrafluoroethylene (PTFE). Figure 25 illustrates the tetra-substitution on PIB and PTFE, polymers 
well known to undergo chain scissioning when exposed to ionizing radiation. 

 

 

FIG. 25. Tetra-substituted chain scissioning polymers 

However, polyvinylidene fluoride (PVdF) is the exception. PVdF radiation crosslinks and is 
used as a high temperature jacketing on wire, especially aircraft wiring, and for certain specialty heat 
shrink products [72]. Fluoropolymers are used for high temperature properties, for their chemical and 
oil resistance and for flame retardancy.  An alternating copolymer of ethylene and tetrafluoroethylene 
(ETFE) is also radiation crosslinkable.  This is a more elastomeric material that is also used in wire 
and cable jacketing. A copolymer of hexafluoropropylene and tetrafluoroethylene (FEP) will chain 
scission when irradiated at room temperature, but can crosslink if the radiation is conducted slightly 
above its melt transition, 260ºC [73]. Similar results have recently been found for PTFE when electron 
beam exposure is conducted above the melt transition (340ºC) and in an inert atmosphere. 
Crosslinking takes place and upon cooling, PTFE loses its highly crystalline structure and a near-
transparent material results [74]. 

 
The commercial merits of high temperature FEP or PTFE crosslinking have to be weighed 

against the performance properties that can be obtained with more easily processable fluoropolymers, 
as PVdF and ETFE, which will radiation crosslink at room temperature. Figure 26 contrasts two 
halogenated polymers, PVdC, which chain scissions, and PVdF, which crosslinks, which behave 
differently when exposed to ionizing radiation. 

 

 

FIG. 26. Tetra-substituted Halogenated polymers 



 

4.5. ENGINEERING THERMOPLASTICS 

 
Plastics such as the radiation tolerant polystyrene (PS) and polyethylene terephthalate (PET) 

and the clear, but prone to chain scissioning polymethylmethacrylate (PMMA) have been considered 
for use in medical devices and in the rigid clear blister packaging used for devices. These plastics have 
comparatively low heat distortion temperatures, Td for PS ~75ºC to 95ºC, for PET ~70ºC and for 
PMMA ~80ºC to 105ºC. For medical devices that must not only tolerate radiation sterilization during 
production processes, but should also be able to tolerate subsequent in-use steam sterilization, a 
common in-hospital method, polycarbonate (PC) with a much high heat distortion temperature, Td 
~140ºC, would be preferred.  Major suppliers of PET, as Eastman (www.eastman.com), have worked 
on retaining the optical clarity and water-white color of this resin when exposed to the demands of 
radiation sterilization.  General Electric Plastics (www.geplastics.com), has developed polycarbonate 
grades that will retain excellent color upon radiation.  This engineering thermoplastic can be used in 
producing devices, such as dialysis filter cartridges and other formed and molded articles. Because of 
their ring structures, PS, PET and PC are inherently radiation resistant.  The issue of the retention of 
optical properties during radiation processing has been resolved for PET and PC. Figure 27 shows the 
ring structures of polystyrene and polycarbonate, which render them neutral, especially in terms of 
physical properties, to exposure to ionizing radiation. Figure 28 shows a PC medical device which 
takes advantage of the ability of this high performance thermoplastic to withstand internal pressure as 
well as have a high resistance to thermal distortion. 

 

 

FIG. 27. Radiation Resistant Cyclic Thermoplastics 

 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 28. Disposable PC cartridge for a hyperbaric chamber 

4.6. ELASTOMERS 

 
Unlike thermoplastics whose dominant market uses rely upon properties attainable as non-

crosslinked materials, elastomers require crosslinking in order to exhibit commercially useful 
properties. 
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Almost all of the widely used elastomers have a reactive double bond within their polymer 
structure. Radiation exposure opens these double bonds to then form crosslinks. The polymers 
commonly used in tire manufacture are radiation crosslinkable: cis-polybutadiene (BR) for long 
wearing tread compounds, natural rubber (NR) or synthetic polyisoprene (IR) and styrene-butadiene 
(SBR) for blends and ethylene-propylene diene rubbers (EPDM) for ozone resistant sidewalls.  The 
response of each elastomer type is dependent not only on specific characteristics of the elastomer but 
also upon adroit formulating.  The radiation response of EPDM rubbers has been well studied [75]. 
Even a polymer type known to chain scission with radiation, the isobutylene-isoprene copolymer butyl 
rubber, when halogenated (as bromo-butyl rubber – BIIR) and properly formulated can crosslink under 
radiation and is used for tire innerliners [76]. In tire applications, elastomers are only partially cured.  
Using tightly controlled electron beam exposure, extruded components are brought to a gel or green 
state that will prevent tire cord distortion during subsequent molding operations, but yet enable the tire 
to knit together during final heat vulcanization [77]. Full radiation crosslinking of elastomers for such 
uses as hoses and sheeting has not developed into a significant market use. 

 

4.7. THERMOPLASTIC ELASTOMERS 
 
Thermoplastic elastomers (TPE) based on block copolymers were pioneered as materials of 

commercial interest by the Shell Chemical Company (with the business now sold to form Kraton 
Polymers – www.kraton.com).  Focused attention was given to developing a specialty block 
copolymer (styrene-isoprene-styrene, S-I-S) for use in radiation curable adhesive formulations [78]. 
Significant market interest never developed, despite outstanding technology development. 

 
Another category of thermoplastic elastomers are based on polyolefins (TPO). These materials 

consist of blends of polyethylenes or polypropylenes with EPDM elastomers wherein the elastomer is 
crosslinked using thermo-chemical systems [79]. TPO’s more suitable for medical products with no 
chemical residuals could be made using radiation to crosslink the elastomer portion in such an 
elastomer-plastic blend [80]. 

 

4.8. POLYMERIC PRECURSORS 

 
Non-volatile monomers and low molecular weight oligomers, typically Mw <40,000, are 

radiation polymerized in-situ to form the crosslinked binders of inks and of coatings and to form 
functional adhesives.  Low-voltage electron beams are used with these materials in high volume 
operations. However, in terms of actual production units and facilities, the lower capital cost 
ultraviolet radiation (UV) has gained greater acceptance.  The industrial association RadTech 
International North America (www.radtech.org) has international affiliates as RadTech Europe, 
RadTech Japan, RadTech China, RadTech Malaysia, Radcure Australia and in Brazil, forming a 
global network of associations focused on the crosslinking of reactive materials that are applied as 
liquids, usually without volatile organic compounds (near-zero VOCs), and then radiation crosslinked 
to form functional materials [81,82,83]. 

 
The use of radiation curing for printing inks was pioneered by Dan Carlick of Sun Chemical 

[84]. Electron beams are more often used with wide-web presses for high volume production and for 
printed items that require the outstanding graphics and color highlights. Electrons have the ability to 
penetrate pigments, whereas UV does not.  EB ink formulations tend to be considerably less complex.  
Electrons generate free radicals in vinyl terminated monomers leading to double bond opening and 
polymerization. A balance of properties, especially for over-print materials, is attained by using 
oligomers which are terminated with acrylate functionality. Familiar ink and coating materials, such as 
polyesters, polyurethanes, epoxies and acrylates themselves are used in developing reactive oligomers 
which enhance the flexibility and other properties of the cured or crosslinked system. Since there are 
no extractable initiators used in EB curable inks and over-print systems, Sun Chemical has been able 
to develop over-print materials that are compliant with US Food &Drug Administration regulations for 
direct food contact. 



 
Use of such systems could replace film laminates used atop printed materials to prevent 

leaching of extractables for direct food contact compliance. Figure 29 is a generic structure for 
commonly used acrylated oligomers. These liquid materials, sometimes viscous, have molecular 
weights (Mn) of less than 10,000 daltons. 

 

 

FIG. 29. Acrylated oligomers used as Precursors in Radiation Curing 

where R = epoxy, polyester, urethane or acrylate mid-segments 
 
The early use of radiation curing for coatings was stimulated by the work of Bill Burlant at the 

Ford Motor Company [85]. The work at Ford in the early 1970’s showed that EB cured coatings on 
plastic components could be produced at 750 times the speed of conventional paint or coating 
application and drying techniques. Figure 29 shows some of those automotive parts with coatings 
which were then cured by electron beam processing.  Although the interest at Ford never developed 
into a sustained commercial practice, EB curable coatings have found market use on a variety of 
substrates, such as paper, wood, metals and plastics. The use of modular EB systems has permitted the 
development of three-dimensional EB curing as used on tubular aluminum which is subsequently 
fabricated into lawn furniture [14,86]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 30. EB 3D cured auto parts ~1980 

The major suppliers of monomers and oligomers for inks, coatings and adhesives have 
addressed issues of toxicity, Clean Air Act compliance, food contact and a host of other areas of 
concern in contemporary industry. These have been driving factors in changing the portfolio of 
materials available to formulators over the past several decades. United through its industrial 
associations, the users and suppliers involved with polymeric precursors, the monomers and 
oligomers, have attained good industrial stewardship with the use of radiation processing. 
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4.9. HYDROGELS 

 
Another technology that is based on the coating of liquids that are then irradiated is the 

manufacture of hydrogels.  Radiation crosslinked hydrogels are based mainly on polyethylene oxides 
(PEO) dissolved at relatively low concentrations in water, ~4% to ~10%.  Modest radiation exposure 
is needed to form a gel, <10 kGy.[87,88]  Polyethylene glycols (PEG), polyvinyl alcohols (PVA) and 
polyvinylpyrrolidone (PVP) have also been used in these systems.  PVP is also very radiation 
responsive. Because of the excellent radiation response of the polymers used in making hydrogels, low 
current Van de Graaff accelerators can be used in their manufacture.  Gels as thick as 2 mm are 
produced. These materials have found use as wound dressings and for burn treatment. Because of their 
biocompatibility, there is considerable activity in evaluating hydrogels as transdermal drug delivery 
systems and as drug delivery systems that can be injected into the body [89]. Figure 31 presents the 
structure for the widely used polyethylene oxide (PEO) as the basis for hydrogel technologies.  This 
ethylenic structure is very amenable to radiation crosslinking. 

 
 
 
 
 
 

FIG. 31. Polyethylene Oxide 

 

4.10. SUMMARY 

 
Most of the accelerators used in industry are used to enhance the properties of plastics. 

Elastomers, polymeric precursors that are applied as liquids to yield cured inks, coatings and 
adhesives, and hydrogels, all require radiation crosslinking in order to form materials of commercial 
interest and value. With electron beam, gamma or X ray sterilization, plastic components have to be 
radiation tolerant, not discoloring nor degrading under exposures needed to eliminate bioburdens. 
Table VI summarizes some general properties of plastics used in industrial radiation processing. For 
each application, specific polymer grades must be evaluated for their own radiation response and 
overall performance characteristics. 
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TABLE VI. PROPERTIES OF PLASTIC POLYMERS 

 
 
X = crosslinks; S = scissions; S/X = scissions, formulations crosslink; O = neutral. 
For PS, PMMA and PC Tg is noted; Td = deflection per ASTM D-648 at 0.46 MPa. 



 

33 

 

5. CONCLUSIONS 

 
 Over the past several decades, no new major end-use markets for radiation processing have 

developed. 
 Given the constraints on isotope production and use, gamma service providers have been well 

coordinated in approaching regulatory issues and in addressing the opportunities of a few, select 
markets: medical device sterilization and food irradiation. 

 The electron beam accelerator business has been plagued by pretentious entrants and their 
resultant business failures which diminish the efforts of long-standing and reputable equipment 
manufacturers. 

 Two new and completely different electron accelerator systems have emerged with free-enterprise 
backing in the past fifteen years: the high-energy, high current IBA Rhodotron and the high-
current, very low-voltage EB modules from AEB. 

 The emergence of industrially reliable X-ray sources based on very high current, high energy 
accelerators provides an alternative to the use of isotope sources for applications requiring depth 
of radiation penetration and, with controllable dose-rates, may open new areas of radiation 
chemistry. 

 The measurement of surface effects on films in order to determine radiation exposure requires 
international collaboration and agreement upon one best method to measure such effects so that 
calibrations used in calculating absorbed energy have the highest precision and reproducibility 
attainable. 

 A majority of industrial radiation uses result from the crosslinking of polyethylene, the largest 
volume, low cost commodity plastic. 

 Raw material suppliers have been responsive to the niche market needs of the radiation processing 
industry, developing radiation tolerant grades for medical devices and food packaging (PP, PET 
and PC).  Suppliers of monomers and oligomers have addressed the needs of the surface curing 
area and have done so through participation in industrial associations.  

 Public understanding of radiation processing could be fostered by forcing downward to at least the 
secondary school level basic concepts underlying all industrial radiation processing. 
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