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introDUCtion
to raDiation
teCHnologies

Nowadays radiation technologies are an integral part of everyday life. Most people do not even
imagine how oﬅen they encounter products developed with the
help of radiation technologies,
ranging from tropical fruits
to tires, cellphone microchips
and airplane turbine blades. All
of these products have something in common — they had
been treated with an accelerator. Particle beams (or gamma,
or X-rays) generated by accelerators or ion sources killed pests
in mangos, bonded polymeric
rubber in the tires, doped semiconductors in the microchips,
and provided non-destructive
inspection of the turbine blades.
Food industry was one of the
first transfers of accelerator
technologies from science into
production. Food irradiation
eliminated pathogens and parasites, thereby increasing safety
of daily consumed food (meat,
grains, seafood, etc.).
Next came non-intrusive inspection systems capable of scanning
cargos and luggage to detect
weapons, explosives, drugs, and
fissionable materials. These sys-

4

RADIATION TECHNOLOGIES: VIEW FROM RUSSIA

tems are now widely used at the
customs and border points, seaports, airports, and railway hubs.
Cross-linked polymers contributed to the development of advanced wires and cables by increasing their heat-resistance.
Adapted
polymer
pipelines
can now hold corrosive and
high-temperature liquids; the
tires received higher wear resistance.
Particle beams easily penetrate
metal parts of aircraﬅ or rocket
engines as well as cars to detect even the smallest cracks
or welding defects.
Currently new complex electron
beam machinery for creating
metal layered objects is being
designed using existing particle acceleration technologies.
Electron beam additive manufacturing is gradually being introduced into production of new
generation
metal
products
in aerospace, automotive and
medical industries. With technology improvement its share
in manufacturing process will
rapidly grow.
Thus, industrial accelerators are
in line with modern technolog-

ical challenges safeguarding
high standards of everyday life
and being eco-friendly.
This booklet describes key areas of the industrial application
of accelerators as well as information on products and services
provided by Russian manufacturers.

Radiation
technologies are
one of the few
promising market
and technological
areas, areas where
Russia has strong
global references
as well as scientiﬁc
and technological
potential
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aCCelerators
in tHe worlD

Figure 1. Industrial accelerators worldwide by application (units)
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Source: presentation “Current and future industrial applications of accelerators”, Robert W Hamm (R&M Technical
Enterprises, California, USA), October 4, 2013, NA-PAC-13, Pasadena, California

It is estimated that over 27,000
industrial accelerators, mostly ion implanters and electron
beam accelerators, have been
put into operation throughout
the world for the past 60 years
(Fig. 1). It should be noted that
the considered industrial accelerators exclude internal systems of beam generation, such
as cathode ray and x-ray tubes,

x-ray lithography systems, electron microscopes, etc.
Since an industrial accelerator life cycle averages at 20-40
years, estimated 75% of those
(about 20,000 accelerators) are
still in operation1.
Despite slow change in tech-

There are 8
accelerator
manufacturers
in Russia

1
Industrial Accelerators and Their Applications, edited by Robert W. Hamm and Marianne
E. Hamm (R&M Technical Enterprises, California, USA), 2012, p. 1
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Russian accelerators and ion sources worldwide by application
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Figure 2. Global location of electron beam accelerators and gamma irradiators (units)
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nologies, usage of industrial accelerators in manufacturing is
increasing in the last few years.
According to 2010 statistics,
over $ 500 billion worth of products were processed, irradiated
or controlled with charged particle beams.
This fact has increased interest
to the accelerator business that
currently involves at least 70
companies and research organizations around the world.
Moreover, new manufacturers
emerge due to an increase in accelerators’ applications in various industries in developing
economies. However, the number of companies in the market
remains roughly the same since
mergers and acquisitions oﬀset
the new players.
Nowadays most industrial accelerators are made in North America, Europe and Japan which
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account for 53 manufacturing
companies. However, there has
been a rapid increase in the
number of producers in other regions, especially in China,
Russia, South Korea and India.
These new manufacturing companies target specific geographical regions and niche markets.
Aﬅer revising published statistics and surveying large manufacturers, Robert Hamm estimated market share of these
companies as $ 2.2 billion
or about 1,000 accelerators per
year2.
Eight companies manufacture
accelerators in Russia: Budker Institute of Nuclear Physics (BINP), Efremov Institute
of Electrophysical Apparatus

2 Book “Industrial Accelerators and Their Applications” edited by Robert W. Hamm and Marianne E. Hamm (R&M Technical Enterprises,
California, USA), 2012, p. 3

(NIIEFA), Skobeltsyn Research
Institute of Nuclear Physics
Lomonosov Moscow State University (SINP MSU), CoRAD
Research and Production Enterprise (CoRAD Ltd.), Tomsk
Polytechnic University (TPU),
Federal State Unitary Enterprise
“Research and Production Enterprise “TORIY” (FSUE “RPE “TORIY”), Moscow Radio Technical
Institute of the Russian Academy of Sciences (MRTI RAS), and
National Research Nuclear University — Moscow Engineering
Physics Institute (MEPhI).
So far, 22 countries operate over
515 accelerators and ion sources
produced by Radtech Association members in Russia.
Most accelerators produced
by Russian companies are operated in developed economies
such as the UK, Germany, the
USA and France. These mar-

kets show the greatest demand
for cargo inspection systems
(254 accelerators) and non-destructive testing systems (157
accelerators) that operate user-friendly compact and energy efficient betatrons. They
penetrate up to 300 mm steel
to detect prohibited substances (weapons, explosives, etc.)
in shipping containers or vehicles and detect defects in cast
and welded components.
80 Russian accelerators are used
to modify materials, mainly
in China, South Korea and India. Electron beams crosslink
polymers to insulate wires and
cables, heatshrink elastomers,
make packaging films, treat
tires, etc.
About 10 Russian accelerators
sterilize medical products and
processed food and agricultural products in China, Vietnam,

South Korea, Kazakhstan, etc.
Food irradiation kills pathogens
and parasites to extend shelf
life. Along with accelerators,
Cobalt-60 gamma sources are
widespread in food irradiation
and medical sterilization.
According to the IAEA, there are
over 300 gamma facilities and
over 1,500 accelerators in the
world used mostly in food irradiation and medical sterilization
(Fig. 2). The greatest amount
of accelerators are operated
in the USA (500) and Japan (300).
They also predominate in the
BRICS, except India, where gamma sources prevail (17 vs. 4).
The following areas have approximately 5 Russian accelerators each: ﬂue gas and liquid efﬂuent treatment, ore irradiation,
ion implantation, production
of radioisotopes, research and
development.

$500
billion

per year worth
of products
are made
annually with
accelerators
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fooD
irraDiation

Global food market — cultivation, storage, processing, delivery and sale to the final consumer — is one of the fastest
growing markets in the world.
According to Pegasus Agritech,
in 2012 the global food market
was valued at $4.2 trillion with
a compound annual growth rate
of 4.4% between 2012 and 2017.
Population growth and shiﬅed
food consumption pattern had
driven technological changes
in the food industry. As an example, wealth growth in developing economies has boosted
the amount of food consumed
and changed consumption patterns by increasing share of animal protein (meat and dairy
products). Developed economies
are changing their food quality
standards (growing conditions,
composition, and packaging)
and consumption patterns by including new products with short
shelf-life (tropical fruits, mushrooms, fish, seafood). Thus, the
number of exotic tropical fruits
(tamarind, litchi, passion fruit,
etc.) sold in Europe increased
by 22% between 2009 and 2013
and amounted to €85 million
in 2012.
Scaled up production, complex logistics and expansion
of wholesaling and logistics
centers imposed new requirements in food packaging and
processing. Supermarket chains
require a significant extension
of shelf life, e.g. chilled fish and
meat — from days to weeks,

months or even longer. Fruits
and vegetables face higher processing demands to increase the
shipping distance. Nowadays,
there is a wide range of food processing techniques to sterilize,
disinfect and extend the shelf
life. So, specifically packaged
food may be irradiated with an
electron beam or a gamma radiation source.
Food irradiation industry
has gone through several
maJor stages:

1

stage i

1905-1950s. This stage is characterized by research and scientific basis creation for the
peaceful use of atomic energy.
Governments were the principal
and oﬅen the only customers.
In 1960s, constructive solutions
allowed the creation of first experimental irradiation equipment. Scientists gained first
practical experience and developed irradiation techniques.

2

Organization (WHO) approved
programs, which had studied irradiation impact on agricultural
products. New technological accelerator platform was created
in the 1980s thus giving basics
for creating digital images of irradiation procedures, successfully fulfilling programs of studying the eﬀects of ionizing
radiation on living systems, etc.
In 1964 the US saw its first approval of food irradiation when
the Food and Drug Administration (FDA) approved irradiated potatoes, wheat and ﬂour.
In 1981 the Joint Expert Committee concluded the safety of food

irradiation

stage ii

1960-1980s. The mid-1960s saw
the first wave of commercialization: new technological solutions — equipment that passed
clinical trials — were released.
National regulators launched
irradiated food certification procedures and approved irradiation
standards. The World Health

pesticides

FOOD IRRADIATION
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proBleM
According to the World Health Organization (WHO), foodborne and waterborne
diseases kill an estimated 2 million people annually. Unexpectedly food poisoning
statistics remains high in both developing and developed economies

1,3

innoVatiVe
solUtion
High-energy electrons and gamma-rays break down the DNA of harmful bacteria
and spores thus providing the following:

Quality: reduces the amount
of food spoilt by parasites,
bacteria and mold

billion tons per year or about
30% of produced food for human
consumption is wasted
Safety: reduces the spread
of dangerous intestinal
infections by destroying
pathogens

Foodborne and waterborne intestinal illnesses
together cause about
2.2 million deaths worldwide annually, 1.9 million
of which are child
deaths

30%
— annual growth of the amount
of population aﬀected by foodborne illnesses in developed
economies

14
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Rapid widespread of allergic reactions and diseases associated with poor
hygiene and malfunction
of metabolism

25
40%
by

Ecology: reduces dependence
on chemical pesticides and
preserving agents

Economy: extends shelf life,
simpliﬁes manufacturing process and logistics and increases
target product yield

FOOD IRRADIATION
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Figure 3. Number of foodborne diseases (% of total population)

Table 1. Irradiation’s food applicationsе
DOSE
(kGy)

BENEFITS

Delayed germination

IRRADIATED
ITEMS

0,05 — 0,15

Potatoes, onions, root
vegetables, etc.

1964 (only potatoes),
1986

Pest control (destruction of pests)

0,15 — 0,5

Grains, dried vegetables and fruit, etc.

1963 (only grains
and ﬂour), 1986

Delayed maturation

0,5 — 3,0

Fresh fruit and vegetables

1986

Shelf-life extension

1,0 — 3,0

Berries, fruit, vegetables

1986

1,0 — 7,0

Fresh raw products:
meat, poultry, fish,
and semi-finished
products

1990 (poultry),
1997 (meat)

Spices, enzymes, etc.

1983, 1986

Inhibition of pathogens

Decontamination
of additives and
ingredients
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3

18%

26%
18%

8%

8%

USA

UK

Japan

EU

Canada

Bangladesh

Australia

Source: Grain, Global report “Food safety for whom?”, 2011

Source: An Economic Analysis of Electron Accelerators and Cobalt-60 for Irradiating Food, Rosanna Mentzer Morrison,
1989, p. 2

irradiated with up to 10kGy (kJ/
kg).
In 1983 the FAO/WHO Commission approved the Codex Alimentarius as a general standard
for any foods irradiated in the
range of up to 10kGy.
In 1983-1990s national irradiation standards were approved
in the USA, Canada, France, etc.
They also signed agreements on
food irradiation of spices, fruits,
meat, and sterilization of insects.
In 1988, the FAO/WHO/IAEA/
WTO signed an international
Agreement on the Acceptance,
Control of and Trade in Irradiated Foods.

15%

Vietnam

10 − 30

40%

28%

APPROVALS

stage iii

1990s-present. The third stage
started with an explosive penetration of radiation technologies
into every market, including
food processing. The amount
of investment in infrastructure
rose dramatically, commercial
sterilization facilities were established, and the list of products subject to irradiation greatly expanded. Businesses took the
leading role from the governments.
In 1993 the American Medical
Association (AMA) endorsed
food irradiation as safe and stated that it preserved nutritional

properties of foods and beverages.
In 1997 aﬅer a series of mass
foodborne
illnesses
caused
by meat products, FDA approve
food irradiation for chilled and
frozen meat to extend its shelf
life and reduce the number
of pathogens.
In 2006, the USDA-APHIS approved food irradiation for tropical fruits imported to the US
from India, Mexico, Pakistan,
South Africa, Thailand and Vietnam to prevent the spread of insect pests.
Food irradiation market growth
is based on a number of factors.

The groWth of Consumer
markets
Food irradiation market follows
the growth in key markets that
consume its services: seed market, food transportation and storage technologies market, pest
control market and packaging
market.

dairy products and semi-finished
products), and cholera germ (in
water, rice, vegetables and seafood). Moreover, there are other
viruses and parasites that pose
a great danger to human health
(in raw or insufficiently cooked
products: meat, vegetables, and
fruits).

A large number of foodborne illnesses
According to the WHO, foodborne and waterborne intestinal diseases kill an estimated
2 million people annually. Unexpectedly the food poisoning
statistics remains high in both
developing and developed economies. The main source of foodborne infections is bacteria such
as salmonella (in eggs, poultry,
etc.), listeria (in unpasteurized

ExCessive loss of food
at all stages of the ProduCtion Chain
According to the World Resources Institute, one-third of world’s
food produced for human consumption is lost or wasted in the
course of production, storage,
and consumption. The amount
of food lost at diﬀerent stages
depends on the level of technological capacity — developed
economies waste most food

at the consumption stage, while
developing economies — at the
processing stage.

Food irradiation
is used in more
than

40
countries

FOOD IRRADIATION
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Figure 4. Global food losses at all production stages (%)
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Thus the developed economies
waste food largely due to the excessive consumption, while the
developing economies — due
to the lack of pest control, processing, and handling technologies, as well as poor logistics.
Globalization of food ProduCtion and ConsumPtion
The consumption pattern of developed economies is being
more and more shiﬅed towards
new products that their agricultural industry is unable to produce. Worth noting, that leading importers of tropical fruits
are oﬅen not the end-users and
fruits are further re-exported
to other countries.
ECo-friendly ConsumPtion
More and more consumers
worldwide reject any agricultural products manufactured with
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pesticides, preserving agents
and food additives in favor
of eco-friendly fresh fruits and
vegetables.
Today food irradiation is
globally used for treating food and agriCultural
ProduCts in the folloWing
fields:

•

•

•

Pre-sowing
irradiation
of seeds to stimulate germination (cereals and legumes,
potatoes, carrots, cabbages,
etc.), increase harvest index
and improve product quality.
Prevention of foodborne disease (destruction of pathogens such as salmonella and
E. coli).
Preservation of products (destruction or decrease in the
activity of microorganisms

that damage or decay food
and shelf-life extension).

•
•
•

Pest control (destruction
or sterilization of pests).
Delaying of maturation and
ripening.
Food sterilization (shelf-life
extension to store products
at room temperature).

Today food irradiation is used
in more than 40 countries.
In 2010 quantities of irradiated food in Asia, the EU, and the
US were estimated at 285,200,
9,300 and 103,000 tons, respectively3. Compared with 2005, the
quantity of irradiated foods was
100,000 tons higher in Asia and

3
Tamikazu Kume, Setsuko Todoriki. Food Irradiation in Asia, the European Union and the
United States: A Status Update. Radioisotopes
Journal, Vol.62, No.5, May 2013, 291-299

10,000 tons higher in the US, but
6,000 tons lower in the EU.
Thus, commercial food irradiation has increased significantly
in Asia during the 5-year period studied. Moreover, there has
been a trend to increase sanitary
irradiation of fruits and agricultural products, which in 2010
reached 18,500 tons.
Commercial food irradiation
in the EU decreased rapidly aﬅer
the introduction of strict EU regulations on checking and labeling of irradiated foods in 1998.
In 1998 the disinfection of more
than 20,000 tons of herbs and
spices comprised main food
irradiation activity in France.
However, aﬅer the introduction of the new rules, the total
for irradiated herbs and spices
across the EU dropped to 3,000
tons in 2005 and to 1,470 tons
in 2010. Conversely, irradiation
of special foods such as frozen
frog legs has remained constant
even though the labeling of irradiated food became obligatory.
Belgium, the Netherlands and
France take leading positions
in food irradiation in the EU.
Compared with 2005, new countries including Spain, Estonia
and Romania also started food
irradiation; new irradiation facility was also approved in Bulgaria. Moreover, in 2010 the European Commission approved 11
facilities in the third countries
for the irradiation of food: these
include South Africa, Thailand,
Turkey and India.
The US has one of the most developed commercial food irradiation programs in the world.
Food products irradiated in 2010
included 80,000 tons of spices,
15,000 tons of fruits and vegetables, as well as 8,000 tons
of meat and poultry: thus the total was 103,000 tons. Compared
with 2005, the highest growth
was observed in the amount

of fruits and vegetables irradiated for disinfestation (increased
by 11,000 tons), while the quantities of other irradiated foods
remained about the same. Meanwhile, the irradiation of spices
for disinfection is the main food
irradiation practice in the US.
Exports of irradiated fruits from
Asia to the US were initiated
by India in 2007 with Thailand
and Vietnam following suit. The
quantity of irradiated mango
in India reached a peak of 275
tons in 2008, but gradually decreased in recent years. Thailand
started to export irradiated fruits
(longan and mango) to the US
in 2007 and four kinds of irradiated fruit were exported in 2010
(mangosteen — 330 tons; longan
— 595 tons; litchi — 18 tons;
and rambutan 8 tons). Vietnam
started shipping irradiated dragon fruit to the US in 2008 and
the shipping of rambutan was
started in 2011. These countries
expect to expand their range
of items and quantity to phytosanitary irradiation, while other countries such as Malaysia,
Pakistan and the Philippines are
also expected to export irradiated fruits to the US in the future.
Mexico is another major supplier of irradiated food, which
started shipment of guava to the
US in 2008. Total exports were
257 tons in 2008 and 3,521 tons
in 2009. In 2010, these exports
of irradiated food from Mexico
to the US increased to 10,318
tons and comprised guava (9,121
tons) as well as sweet lime (600
tons), mango (239 tons), grapefruit (101 tons) and pepper (257
tons). Mexico is now the largest
exporter of irradiated agricultural products to the US primarily
because of the proximity of the
two countries and the land border between them.
Australia became the first country to use the phytosanitary ir-

radiation for international quarantine control purposes in 2004.
Exports from Australia to New
Zealand have steadily increased,
and 493 tons of irradiated fruits
(mango, 460 tons; litchi, 33 tons)
were shipped in 2010.
Besides food products, irradiation is applied to substandard
agricultural products (grains infected with fungal
diseases, ﬂour and
rice mills waste
products,
etc.)
in order to obtain
raw materials for
“green”
chemicals: these include water-based
dispersion adhesives for paper
and cardboard, organic reagents
in the production of chipboards
and fiberboards, components
for drilling and oil-displacing
ﬂuids, components for construction mortars, ﬂame retardants
(carbon-dioxide fire-extinguishers), components for detergents,
plant growth stimulants, etc.

2005
2010
The amount
of irradiated
food
in Southeast
Asia increased
by three times

FOOD IRRADIATION
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Quantity of irradiated foods in the world, tons
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Source: Tamikazu Kume, Setsuko Todoriki. Food Irradiation in Asia, the European Union and the United States: A Status Update. Radioisotopes Journal, Vol.62, No.5, May 2013, 291-299
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inspeCtion
systeMs

Nowadays, inspection systems
remain the main application for
radiation technologies in security. 70% of the inspection systems
worldwide, by value, use X-ray
radiography (non-radiation metal detectors lead by number).
Moreover, the market oﬀers
gamma-ray and neutron solutions. However, most companies do not produce their own
accelerators, but purchase them
from third-party manufacturers
(except for Smith and Nuctech).
The majority (> 60%) of inspection systems are concentrated
in the United States and Western
Europe.
Transport facilities, government
agencies and border guards are
among key customers of inspection systems as radiography
technologies are applied for the
screening of passengers’ baggage and cargo.
By and large, the factors aﬀecting radiation technologies in the
security are favorable in terms
of perspective growth and market volume:

22
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1

inCreaseD
popUlation
MoBility

Intensive economic development and globalization have
contributed to the rapid growth
of the population mobility.
Nowadays, traditional concerns
fostering geographic mobility (forced migration from war
zones, lack of resources) are
added by new — climate (deterioration in the habitat) and social (labor migration, free choice
of residence, etc.) changes. In recent decades, the increasing ﬂow
of illegal migrants from the
third world to developed economies has contributed to higher
demand for the security systems.

2

DynaMiC
international
traDe

The international trade has been
rapidly developing since the
mid-20th century. According

to the World Trade Organization,
from 1970 to 2010 the value
of exports increased by 48 times.

3

transport
systeM
DeVelopMent
anD sHifting
sHipMent
patterns

Transport, once a simple infrastructure to maintain trade and
mobility, has evolved into a
major factor that shapes glob-

X-ray
radiography
is the most
widespread
inspection
method

INSPECTION SYSTEMS
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proBleM
Security and counter-terrorism, prevention of the proliferation of nuclear materials,
including those applied in radiological dispersal devices (‘dirty nuke’)

innoVatiVe
solUtion
Inspection systems based on electron accelerators, which need less time to scan
large shipping containers, and three-dimensional images allow not only to detect the
suspicious cargo, but also to locate it:

GLOBAL
CHALLENGES
Terrorism threat, growth of illegal immigration, complication
of transport infrastructure
Task: search for prohibited substances: explosives,
drugs and other potent
substances, ﬁssionable materials, as well
as weapons

Security: reduces the risk
of terrorist attacks on
public transport, prevents
smuggling of ﬁssionable
materials and drug traﬃc

Quality: secures the detection
of explosives that weigh less than
50 grams, weapons, and ﬁssionable materials

CONDITIONS
Large cargo ﬂow: airport luggage,
road and rail transportation.
Small-size and lightweight (tens
of grams) components hidden
within the shipping containers,
wagons, carriages

24
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Solutions: Active scanning systems, increased
beam energy, multiple
irradiation sources to create a three-dimensional
image

Ecology: is absolutely safe for
workers and population if operated according to design, construction and operation standards

Economy: reduces time needed
for inspection at the airport
or international border crossing

INSPECTION SYSTEMS
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Figure 5. Forecasted global market of X-ray security screening systems up to 2020 (USD mln.)
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inCrease
of terrorisM
tHreats

In recent decades, terrorists regularly commit attacks all over
the world.
New technologies popular with
the emerging extremist groups
have increased the number
of successful attacks and made
them difficult to prevent. Logically, advanced security systems
are the only way to prevent the
attack, as they are able to detect
explosives, weapons, and fissionable materials.
According to the Homeland Security Research Corporation
(HSRC) report, a $ 1,436 million 2011 global X-ray security screening systems market,
including sales and post-sale
revenues, will shiﬅ to a $ 2,568

2020

PEOPLE
SCREENING AIT

million by 2020 (Fig. 5), with
the average annual growth rate
of 7% per year4.
The folloWing are the key
market groWth drivers:

•

•
•

109

344

1284

Source: Homeland Security Market Research. X-ray Security Screening: Technologies, Industry and Global Market −
2014-2020, p. 55
al production and creates markets. Air and high-speed railway
transportation has been rapidly
growing in recent decades. The
increase of pressure on transport
infrastructure resulted in the
creation of multi-modal hubs
serving large numbers of goods
and passengers. Moreover, developments of transportation,
global trade and population
mobility have led to qualitative
changes in travel and shipping
patterns. Therefore, the volume
of marine and air transportation has risen sharply over the
past decade. Shipping containers
have gained popularity: between
2000 and 2009 when the traffic
grew by 9% a year, aﬅer 2009
— 3-5% a year. Meanwhile, passenger traffic is the fastest growing segment for airlines (some
4.1% a year) and now accounts
for 15% of the market.
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Increase in Asia-Pacific markets due to the infrastructure development and trade
growth.
End of the life cycle of the
previous generation inspection equipment.
Lack of competing technologies. Despite decades
of large-scale investments
in research and development,
the market oﬀers no other
cost-eﬀective cargo and passenger non-intrusive inspection solutions other than

4
Homeland Security Market Research. X-ray
Security Screening: Technologies, Industry and
Global Market — 2014-2020, p. 54
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X-ray or gamma-ray radiography systems.
Cargo-luggage inspection is the
largest market segment, with a
$ 1,284 million volume by 2020.
The second largest segment is
the hand held baggage inspection, with a $ 1,050 million volume by 2020.
The highest average annual
growth rate of 10% accounts for
the Asia-Pacific followed by Latin America — 8%, and then Africa and the Middle East — 6.5%
(Fig. 6).
As far as the countries are concerned, the highest average annual growth accounts for China — 16.3% followed by India
— 10.7%, then Indonesia — 8.1%
and Brazil — 5.6%.

The main tyPes of insPeCtion systems aPPlying radiation teChnologies are:

•

•

•

X-ray radiography using
backscattering X-rays. These
scanners deliver lower energy (50-450 keV) and penetrate up to 38 mm. They are
primarily used for passenger baggage and post items
screening.
Gamma-ray radiography systems based on cobalt or cesium isotopes as radioactive
sources. The radiation energy of the systems is between
1.17 and 1.33 MeV. The rays
penetrate from 63.5 to 229
mm and are used for vehicle
inspection and non-destructive control.

energy of 2-10 MeV and penetrate 133-390 mm. These
systems are used for the inspection of shipping containers and vehicles.

Cargo-luggage
inspection is
the largest
segment of the
inspection
systems market

Inspection systems based on
the linear accelerators and
betatrons. They deliver the
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nonDestrUCtiVe
testing

12345

Nondestructive testing (NDT)
refers to the examination of materials and equipment with
techniques that do not change
structure, properties and operation characteristics of the object
under test. One of the key techniques is an X-ray tomography
or radiography, i.e. imaging with
X-rays. The following sources
are used in nondestructive testing: X-ray tubes, accelerators
and radionuclides.
Currently radiographic testing is
used in aviation, aerospace, automotive, chemical, oil and gas
industries, in the field of nuclear, thermal and hydro energetic
as well as microelectronics. It
allows the examination of welds,
turbine blades, solid rocket
fuel, building constructions and
printed circuit boards.
Industrial
radiograPhy
has gone through several
maJor stages:
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1

stage i

1920-1950s. Scientists gained
experience on how to apply
X-ray tubes and gamma sources for the non-destructive testing of welds and castings and
developed testing techniques.
From its foundation in 1941,
the American Society of Nondestructive Testing (ASNT) led
industry eﬀorts in educating its
members, coordinating general
information on radiography, and
improving radiographic techniques. Electron linear accelerators were manufactured starting
in the 1950s to inspect more
dense and thickened products.
Among the first areas of application was ammunitions control.

2

stage ii

1960-1980s.
Non-destructive
testing became widespread in ci-

vilian use. Standardized testing
procedures were accumulated.
Non-destructive techniques saw
first automated solutions as well
as integrated electronics.

3

stage iii

1990-2010s. Integrated systems
operating special soﬅware create 3D images of the internal
structure of the object under
test. New detectors are being
introduced. X-ray
computed tomography is developing. New markets
are
emerging:
non-destructive
testing of printed
circuit boards, micro- and nanofocused systems for healthcare
and biology, dental scanners,
systems to control plastic products, etc.
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proBleM
The problem of non-destructive testing in the process of manufacturing or repair
must be resolved quickly, delivering maximum resolution and remaining safe for the
staﬀ

15%
Currently non-destructive testing is carried out for complex
products in aviation, aerospace,
and automotive industries,
in engine, fuel cells, printed
circuit boards and other
manufactures

The number of products
to be tested increases
by more than 15% per year.
They vary in size (from the
injector of a car engine to a
turbine), material (from
plastics to steel) and shape

Modern resolution requirements
are up to 25 microns
with scan rate providing
a non-stop operation
of the conveyor
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innoVatiVe
solUtion
Modern compact electron accelerators, combined with new generation of detectors and
systems designed to reconstruct 3D images, reduce time required to image thick and
dense metal objects:

Security: non-destructive testing is carried
out with local protection to make it completely safe the staﬀ

Quality: modern industrial tomography machines feature the resolution exceeding 25 microns, and
the thickness of objects under
test doesn’t exceed a few dozens
of mm. Highly ﬂexible systems
are easy to adapt to the requirements of a customer

Economy: decreased testing
time by a factor of 2-5, if compared with visual or ultrasonic
non-destructive techniques. No
need to destroy control samples. Able to test the entire
batch

NONDESTRUCTIVE TESTING
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Figure 7. Compound annual market
growth rate by region

Table 2. Maximum penetration of X-ray tubes and linear accelerators

TECHNOLOGY

X-RAY TUBES

LINEAR ACCELERATORS

Energy

120 keV

250 keV

400 keV

Steel Thickness
@ 10 HVL

2,5 cm

6,5 cm

9 cm

3 MeV

6 MeV

9 MeV

23 cm

28 cm

30,5 cm

Source: Book “Industrial Accelerators and Their Applications” edited by Robert W. Hamm and Marianne E. Hamm (R&M
Technical Enterprises, California, USA), 2012, Chapter 7 by William A. Reed, p. 311

Conventional X-ray tubes are
still commonly used to image
small objects and penetrate
through steel that is up to 10
cm thick. Electron linear accelerators with energies of 1 to 9
MeV are eﬀectively used to scan
denser objects such as turbine
blades, engines or heavy castings. These systems can penetrate up to 30 cm thickness
of steel. High-energy accelerators (with outputs of 15 MeV)
are used to image very thick and
dense objects, such as solid rocket fuel, large welded assemblies
in aircraﬅ and shipbuilding, both
for metal and composite components. They can penetrate a
45 cm thickness of steel or the
equivalent in other materials.
MaJor trends in industrial
radiograPhy are:

•
•
•

•
•
•
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improved spatial resolution;
increased contrast of the image;
decreased high-energy radiation in order to reduce the
shielding requirements for
the facility;
reduced time needed to obtain an image;
increased reliability;
increased thickness of the
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object tested with one accelerator;

•
•

•

Figure 8. Global non-destructive testing market, USD mln

new types and configurations
of detectors;
development of interfaces
to monitor and control parameters relating to operation, such as touch screen
displays;
development of in-line testing systems.

Today the key trends of the new
research in radiography are digital radiography, three-dimensional (3D) and four-dimensional
(4D) tomography. GE Measurement & Control Solutions introduced the first 4D scanner,
which operation is similar to a
medical CT scanner.
Russian company PromIntro
became the world’s first manufacturer to mount two sources
of radiation on a single platform:
an X-ray tube with the energy
of 450 keV and an electron accelerator (betatron made by Tomsk
Polytechnic University) with the
energy of 5 MeV for inspection
of dense and thick objects. That
makes the platform equally effective for imaging and testing
both components and entire
products made of dense metals

with just one detection and visualization system.
Further significant development
of industrial tomography is only
possible with the introduction
of the following technological
solutions: new scintillators and
photomultipliers,
microfocus
X-ray tubes, transition from
X-ray tubes to accelerators with
the energy output of 2 to 5 MeV,
3D imaging and new mathematical methods to visualize images,
use of the two energy beams.
Nowadays over 1000 accelerators are operated worldwide for
non-destructive testing. Their
life cycle expectancy varies
from 10 to 20 years. At the close
of 2010 the global industrial inspection and testing market for
3-15 MeV electron accelerators
was estimated at 200-300 accelerators per year, representing a direct value of about $
250 million. Smaller and more
portable accelerators in the 1-3
MeV range also have the potential to add significantly to this
amount over the next few years5.
Moreover, the demand for new
accelerators will increase in order to replace those that exhaust5
Source: Industrial Accelerators and Their
Applications, edited by Robert W. Hamm and
Marianne E. Hamm (R&M Technical Enterprises,
California, USA), 2012, Chapter 7, written by William A. Reed, p. 312
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Asia-Paciﬁc

7 900
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Source: presentation of the Frost & Sullivan “Beyond BRIC: exploring the next game changers for the NDT industry”,
2012, p. 5-6

ed their performance potential.
According to Frost & Sullivan,
the global non-destructive testing market, including radiography, was valued at $ 8 billion
in 2013 (Fig. 8) and will reach
$ 11.6 billion by 2018, with a
compound annual growth rate
of 7.5%.
The following Russian businesses develop and manufacture accelerators and accelerator-based
systems applied for industrial
radiography: Tomsk Polytechnic
University, Research Institute
of Nuclear Physics of Lomonosov Moscow State University
jointly with Laboratory of industrial accelerators MSU Ltd.
and FSUE “RPE “TORIY”, Efremov Institute of Electrophysical Apparatus (NIIEFA), PromIntro Ltd, TESTRON Group.
About 160 accelerators produced
by Russian companies are oper-

ated abroad. Tomsk Polytechnic
University in cooperation with
JME Ltd. has delivered over 110
betatrons to the UK since mid1980s. Compact betatrons with
diﬀerent energy outputs are applied in: test welded joints at installation sites and stocks; repair
boilers and power plants; inspect
reinforced concrete bridge supports and other construction
structures. China operates 15
Russian-made accelerators: 12
accelerators by Tomsk Polytechnic University and 3 accelerators
by NIIEFA.
In 2007 SINP MSU and FSUE
“RPE “TORIY” began joint development of new generation
electron accelerators for radiography. Since 2012 3 accelerators
of this configuration were delivered to Russian nuclear enterprises, and 2 accelerators were
used in inspection systems.

Nowadays MEPhI and CoRAD
are carrying out a joint development of a 4D imaging system
integrated into a conveyor.

Over

160
Russian-made
accelerators are
operated abroad
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MoDifiCation
of Materials

Currently radiation technologies for material modifications
in various industries are gaining
popularity. Along with such conventional technologies as ion
implantation and radiation processing of polymers, plastics,
rubber and other materials, radiation modification also comprises revolutionary technologies
rapidly developing worldwide
such as electron beam additive
manufacturing.

1

raDiation
polyMeriZation

A number of industries, such
as cable production or automotive, can not be imagined
without radiation technologies.
Electron beams are successfully applied to cross-link cable
and wire insulations, make tires
more durable, crosslink polyethylene foams, etc. Crosslinking
of polymer-based products secures their higher performance.
Main applications of radiation
material crosslinking, in accordance with the relative size of the
markets, are shown in Pic. 9. The
leading markets include the production of wires and cables, surface curing, as well as the production of shrink films.

1.1 CaBle
insUlation
Cable crosslinking increases
melting and soﬅening temperatures of insulations to prevent
a short circuit in bundled wires
at high temperatures, e.g. wires
located in the immediate proximity of a vehicle’s engine.
In the cable industry, wire insulations are cross-linked with
the following techniques: peroxide or silane crosslinking
— chemical reaction; and radiation crosslinking — high-energy
ionizing radiation, which is the
advanced technology as, unlike
chemical techniques, it does not
require increased temperature
and pressure conditions. Radiation crosslinking reduces power
consumption and duration of the
procedure. Moreover, radiation
crosslinking is universally applicable, i.e. it processes a wide
range of cables and wires on the
same production line.
Moreover, cross-linked polymers are used to manufacture
pipelines intended for corrosive
and hot liquids, as well as natural gas.

1.2 sHrink tUBes
anD filMs
When irradiated, polyethylene tubes and films material
crosslinks like in cables production. Heat-shrinking polymers
possess form memory due to the
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grid structure of their molecules, i.e. if a heated polymer is
stretched it will ‘memorize’ and
keep the shape when cooled. And
if reheated it shrinks to its original (unstretched) condition.
Heat-shrinking films are used for
packaging. Heat-shrinking tape
is applied to waterproof steel
pipelines. It allows to reduce the
risk of delamination of heat-affected hollows and corrugations.
A heat-shrinking
tape easily compresses the tube
on the curves and
at joints when
switching from
one diameter into
another.

1.3 Car tires
Currently at the initial production cycle, some tire components
are treated with low dose electron beams, up to several dozens
of kGy.
EleCtron beam treatment
of tires alloWs to:

•
•

•
•

improve the
of a tire tread:

performance

improve wear resistance and
road grip, improve rolling resistance and reduce hysteresis losses.
decrease fatigue of cord-rubber composites for tires (cord
carcass, breaker strip).
increase lifetime of a tire

MODIFICATION OF MATERIALS
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Figure 9. Major end-uses of electron beam radiation cross-linking

35%

Wires and Cables

35%

Surface Curing

15%

Shrink Film

4%

Tires

6%

Service

5%

Other

Source: Industrial Accelerators and Their Applications Edited by: Robert W Hamm (R & M Technical Enterprises,
California, USA), Marianne E Hamm (R & M Technical Enterprises, California, USA), Chapter 3, written by Marshall R.
Cleland, p. 114
by 10-15%.

•

•
•

reduce the use of expensive
additives to rubber compounds: catalysts in vulcanization, dispersants, soﬅeners,
plasticizers, oils and resins.
reduce the use of expensive
synthetic and natural rubbers.
improve quality and reduce
waste.

1.4 polyetHylene
foaMs
Cross-linked
polyethylene
foams are used in transportation of household appliances and
manufacturing of ﬂexible packaging, medical devices, sports
equipment and coatings for
sports grounds, as well as in the
production of car interiors.
The polyethylene foam is manufactured with a special agent

36

RADIATION TECHNOLOGIES: VIEW FROM RUSSIA

added into the plastic which is
then further heated to obtain a
foamed structure. The heating
process requires careful control
not to disturb the reaction. It is
possible to use thermochemical
reactions to crosslink the plastic and the agent, but they may
cause a premature activation
of the agent, which is thermally
unstable. Electron beam treatment causes a small increase
in temperature and safeguards
the agent. Nowadays electron
beam crosslinking of polyethylene foams is widely used in the
automotive industry, e.g. In the
production of interior elements,
such as interior car door trims.
Since the beginning of the
2000s Budker Institute of Nuclear Physics RAS has delivered
about 60 accelerators to China,
South Korea and Malaysia. 45
accelerators are used in China
for manufacturing of wires and
cables, heat shrinking tubes, and

polyethylene foams. South Korea operates 12 accelerators for
the same applications.

2

ion
iMplantation

Ion implantation is one of the
key processes in the semiconductor production and constitutes a doping process of semiconducting wafers with ions
of solid non-conductive substances (phosphorus, boron,
etc.) The basic ion implantation
equipment is ion-plasma sources integrated directly into the
implanters.
The Institute of High Current
Electronics and its spin-oﬀ company, “Plazmennye Istochniki”
(Plasma Sources) are developing a new generation of plasma
sources based on phosphorus
molecular ions, boron cluster
ions, as well as pure boron plas-

ma generators.
With the increased ionization
of a plasma-forming medium
these sources produce high quality ion beams. The sources also
provide higher intensity of the
ion beam, improved efficiency
and long service life of the implanter.

3

eleCtron
BeaM CUtting,
welDing,
ClaDDing

Currently electron beam welding, punching, cutting and cladding are used in aviation, aerospace, automotive, chemical,
power engineering and other
industries.
An electron-beam gun system, which consists of a lowor high-voltage power source
and an electron gun body, is one
of the main equipment for this

technology. There are two types
of electron guns — with thermal
cathode and with plasma cathode. The first one uses tungsten,
tantalum or lanthanum boride
cathodes, which shorten service
intervals and require frequent
cathode replacement. Most manufacturers fit their equipment
with a special device that allows
fast replacement of the cathode
(about 10 minutes) while keeping the original quality of the
beam.
Plasma-cathode electron guns
do not have heated components
and easily maintain constant parameters of the electron beam.
They do not lose efficiency when
exposed to metal vapors, including refractory ones, and gaseous emissions from the welding
zone. Thus plasma-cathode electron guns feature longer life and
easier maintenance.
In Tomsk, Russia there are several research groups and com-

mercial companies which deal
with plasma-cathode electron
guns: Institute of High Current
Electronics, Tomsk State University of Control Systems and
Radio Electronics, “Elion” Ltd.,
“TETa” Ltd., “Advanced Beam
Technologies” Ltd.
Main trends in the develoPment of eleCtron beam
systems are as folloWs:

•
•
•
•

increased productivity;
increased automation;
improved quality;
development in monitoring
and control methods of electron beam parameters and
the process itself.

Electron beam welding is used
to manufacture products from
steel, including alloy steels, aluminum, copper, titanium and
their alloys, refractory metals,
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Figure 10. Sales of metal additive manufacturing systems (units)

Figure 11. Sales in the industry for additive manufacturing systems, mln EUR

Figure 12. Additive manufacturing systems for metal production by market segment
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Source: Arcam annual report 2014, Codex Partners
etc. Moreover, it is also applicable for welding composite materials with a metal matrix.
Electron beam welding is performed under vacuum or atmospheric conditions. The vacuum
allows to weld in one operation
metals and alloys that are from
0.1 mm to 400 mm thick and ensures maximum purity and high
physical and mechanical properties of the compound, as well
as minor linear and angular
deformation of welded joints. Atmospheric electron beam welding is perfect for mass production as it significantly decreases
welding time and faces lower
requirements for the precision
of components to be welded.
However, it is only applicable for
the materials that do not react
with oxygen or protective gas
in the process of welding. Atmospheric electron beam welding is used in the automotive
industry, crane construction and

38

RADIATION TECHNOLOGIES: VIEW FROM RUSSIA

shipbuilding.
Electron beam perforation is an
eﬀective technique for high-precision micro perforation. It is applicable for almost any metallic
materials and ceramics, regardless of hardening, reﬂecting,
doping and conducting characteristics of the treated material.
It allows making holes of different shapes (round, oval, longitudinal, etc.). Electron beam
perforation is applied in the
manufacturing of blades for gas
turbines, centrifugal discs for
the glass-fiber production, and
filtration systems for food, textile, chemical and pulp industries.
Electron beam cutting features
fewer cracks than thermal cutting. It can also be sequentially combined with atmospheric
electron beam welding. Both
processes can be performed with
the same equipment, which increases efficiency and productiv-

ity.
Electron beam technologies are
also used to modify surfaces
in the process of electron beam
hardening and cladding. Electron beam hardening is applied
to modify both solid and liquid
phase surfaces. It improves endurance and strengthens the material. Electron beam cladding
modifies the surface of metals
with solid materials or other
metals to provide better wear
and corrosion resistance. These
technologies are used to manufacture healthcare products, aerospace and automotive parts.
Moreover, electron beams are
used in structuring metallic surfaces for binding with polymers
and composites, cleaning the
surface layer from any impurities and smoothing the process
of melting.

4

aDDitiVe
ManUfaCtUring

Additive manufacturing or 3D
printing has been known since
the mid 1980s and is now attracting more and more attention. The ASTM International
(American Society for Testing
and Materials), which develops
standards for materials, products, systems and services, defines an additive technology
as “the process of joining materials to make objects from 3D
model data, usually layer upon
layer, as opposed to subtractive
manufacturing methodologies”6.
Yet it is impossible to imply that
additive technologies are a complete replacement for traditional subtractive manufacturing
6 ASTM F2792-12a, Standard Terminology for
Additive Manufacturing Technologies,, ASTM
International, West Conshohocken, PA, 2012,
www.astm.org

methodologies. As it happens,
each technology has its own advantages and disadvantages, e.g.
additive technologies are suitable for the production of objects
that feature complex geometry
and need high precision. At the
current stage of development.
they are most eﬀective for manufacturing of small and medium
product quantities. Moreover,
the minimum number of tools
and faster design allow to accelerate the product introduction to the market. Conventional
technologies are suitable for the
production of objects that feature standard geometry and are
needed in large quantities. Unlike additive technologies, they
use wider range of materials.
Each technology shall be applied
in the industrial processes, for
which it is the most favorable
and cost-eﬀective.

The main factors for the further increase in the demand
for additive technologies are:
TeChnologiCal ProCess oPtimization
Additive technologies can significantly reduce the time to develop the model and start mass production. Unlike traditional ones,
additive technologies feature
low levels of waste and require
less auxiliary equipment.
ProduCtion flexibility
Additive technologies allow
creating small quantities on demand and making quick changes
to the product to satisfy the final
consumer.
Currently additive technologies
are being increasingly involved
in the production of industrial
and consumer goods. Functional
models and end products created
with additive technologies are
found in healthcare, aerospace,
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Basic technologies for additive manufacturing

Vat photopolymerization
Uses a vat of liquid photopolymer resin, out of which the model is
constructed with the optically activated polymerization, laser or ultraviolet radiation

Binder jetting

Material jetting

The starting material is
selectively connected with
a liquid binder (e.g., adhesive) jetted onto the build
platform. Colorants are
added in a binder to give
diﬀerent colors

The model material (typically a photopolymer) and the material (e.g., wax) for auxiliary structure, which is removed at the end
of the process, are jetted onto a build platform. The material layers
are then hardened using ultraviolet light

Material
extrusion
Thermoplastic
material
is pushed through an extruder where it is heated
and then deposited layer
by layer

powder bed fusion
The material is melted in the layer formed beforehand. A thin
layer of the material (plastic or metal) is spread over the build platform. Then its components are fused with a heat source (laser, electron beam, a heating element). Then, the treated layer is covered
with the next layer. The untreated material serves as the supporting
structure, which is removed at the end of the process

sheet lamination
Sheets or ribbons of the source material (polymeric ﬁlms, metal
foils, paper sheets, etc.) are bound together using various techniques (e.g., adhesive, ultrasonic welding). Then laser cutting
or milling removes the unbound metal

Directed energy
deposition
The starting material (metal)
in the form of powder or wire
and the energy for its fusion
are simultaneously deposited
onto the build platform

Sources: ASTM F2792-12a, Standard Terminology for Additive Manufacturing Technologies,, ASTM International, West
Conshohocken, PA, 2012. V.M. Dovbish, P.V. Zabednov, M.A. Zlenko Additive technologies and metal products
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Figure 14. Forecasted metal additive manufacturing market growth (USD billions)

Figure 13. Locations of additive manufacturing system based on Arcam AB orders
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7 The 3D opportunity primer: The basics of additive manufacturing, Deloitte University Press,
2013
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automotive, defense, energy
and other industries. Moreover,
additive manufacturing uses a
variety of materials, including
plastics, metals, ceramics and
composites. To meet the diverse
needs of manufacturers the market oﬀers industrial installations
that cost from $ 10 000 to $1
million and more7.
Today there are at least 14 different sub-additive manufacturing technologies based on the
processes described above. The
technology applied in the manufacturing depends on the starting material and parameters
of the object under construction.
A lot of attention is paid to the
additive technologies applied
in metal printers, which are
of major interest from the point
of view of radiation modification
of materials, as an electron beam

2014

can be applied to build objects
from a metal. Although most
manufacturers use lasers to bind
layers in a metal, there are several major players developing
additive technologies based on
electron beams — Arcam AB
(Sweden) and Sciaky, Inc. (USA).
The first company is developing
electron beam melting (EBM),
while the second — electron
beam additive manufacturing
(EBAM).
According to the Wohlers Associates, Inc. 2014 saw 543 metal
additive manufacturing systems
sold, an increase of 54.7% compared to 2013 when 351 systems
were sold. Moreover, only 199
systems were shipped in 2012,
which amounts the compound
growth rate for 2012-2013
to 76%.
The companies like Airbus, General Electric, and Lima Corporate
use similar additive manufacturing systems for production

of complex metal components
for the next generation aerospace and healthcare solutions.
According to the 2012 available
data, metal additive manufacturing took about 10%, or €162 million, of the additive technologies
market.

Over

60
Russian
accelerators
are used for
modiﬁcation
of materials
abroad

Systems took half of the metal
additive technologies market
of €85 million, while the rest
of the market was composed
of services, contract manufacturing and metal powders.
Aerospace and healthcare industries remain the main consumers of additive manufacturing
systems for metal production.
However, a significant share accounts to service centers that
provide contract manufacturing.
Automotive industry has a significant potential to increase the
consumption of metal additive
technologies and other additive
technologies.
Between 2001 and 2014 Arcam
AB sold 190 systems based on
electron beam melting technologies. The sales first jumped
in 2012, when the company
sold 24 systems, while only 14
in 2011. The sales boomed again
in 2014, when Arcam AB sold 42
systems, a 55% increase from

2013.
In 2013, the company shipped 27
systems — most were delivered
to the European Union, while
the US took the second place.
In 2014 Arcam AB significantly
increased their export to Asia
— about 15 systems8.
Sciaky, Inc. does not disclose its
sales volume for the systems
operating EBAM technologies.
However, Wohlers Report 2015
estimates that the company
shipped 3 systems in 2014.
In general, further growth in demand for metal additive manufacturing technologies is expected. For example, Arcam AB
predicts two growth scenarios
for the market. The first scenario forecasts the annual growth
of 18% with the market volume
of $ 1.1 billion in 2021. The second scenario is more optimistic
and forecasts the annual growth

8

of 30% with the market volume
of $ 2.3 billion in 2021. At the
same time, when comparing the
number of systems applying any
metal additive manufacturing
technologies sold in 2014 (543
units) and the number of systems sold by Arcam AB and
Sciaky, Inc. (45 units), it is obvious, that electron beam additive
manufacturing technologies occupy about 10% of the additive
manufacturing market.

Electron
beam additive
manufacturing
technologies
occupy about 10%
of the additive
manufacturing
market

Wohlers Report 2015
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TECHNOLOGY

44

PROCESS

StereolithograPhy (SLA)

Vat polymerization

Digital light ProCessing (DLP)

Vat polymerization

Multi-Jet modeling (MJM)

Material jetting

Fused dePosition modeling (FDM)

Material extrusion

EleCtron beam melting (EBM)

Powder bed fusion

SeleCtive laser sintering (SLS)

Powder bed fusion

SeleCtive heat sintering (SHS)

Powder bed fusion

DireCt metal laser sintering (DMLS)

Powder bed fusion

PoWder bed and inkJet head Printing (PBIH)

Binder jetting

Plaster-based 3D Printing (PP)

Binder jetting

Laminated obJeCt manufaCturing (LOM)

Sheet lamination

UltrasoniC Consolidation (UC)

Sheet lamination

Laser metal dePosition (LMD)

Directed energy deposition

EleCtron Beam Additive ManufaCturing

Directed energy deposition
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otHer
appliCations

1

steriliZation
of MeDiCal
DeViCes

Currently electron beam and
gamma sterilization are the
gold standard in the processing of both expensive specialized devices, e.g. cardiothoracic
devices, and large quantities
of low-cost disposable medical
products, such as syringes, bandages, rubber gloves, disposable
clothing and underwear made
of non-woven materials, blood
transfusion systems, gynecological and urological instruments.
Their application reduces the
risk of healthcare-associated
infections by 40%, reduces the
amount of disability cases, and
minimizes surgery costs.
Other medical sterilization techniques involve steam, gas (ethylene oxide), liquid chemicals,
etc. However, chemical spills
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may have a negative impact on
personnel and the environment.
Moreover, there is a tendency
to introduce a ban on certain
chemicals.
EleCtron beam sterilization has the folloWing advantages:

•
•
•
•

the highest sterility assurance level, 10-6;
environmentally
process;

friendly

high performance (a few seconds to irradiate a batch);
most detailed regulatory and
technical documentation.

Medical products subjected
to irradiation sterilization include over 80 types and over
250 items. Medical devices are
sterilized in commercial irradiation centers or directly in the
process of manufacturing, if the

accelerator is integrated into the
conveyor.
According to “Industry Experts”,
the global sterilized medical devices market was valued at $ 3
billion in 2014, and will reach
$ 5.8 billion by 2020, with a
compound annual growth rate
of 10.6%.

2

irraDiation
of ConstrUCtion Materials

In the construction industry electron beams are used
to obtain polymer composites
— primarily polymer concretes,
phosphor/gypsum-containing
polymers, wood-polymer composites, etc.
Irradiation makes concrete 2-3
times stronger, increases its
water resistance by 4-5%, and
improves durability in extreme
weather conditions (low temper-

OTHER APPLICATIONS
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Figure 15. Global sterilization market in medical devices applications by region (USD million)

Figure 16. Top 10 countries for the production of concrete (2014), tons per year
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Source: Industry Experts: Sterilization Technologies — A Global Market Overview, 2015, p. 90

atures, seismic impacts, chemical exposures). However, irradiated polymer concretes cost
3 times higher. Polymer concretes are used in the construction of water intakes, pumping
stations, and power lines — i.e.
To construct large industrial
facilities that require materials
with special properties.
The main factors aﬀecting
the construction polymers
market include:
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green stanDarDs
tenDenCy tHat
allows More
expensiVe
ConstrUCtion
solUtions

to a Clean Energy Economy, EU
Recovery Plan, FP7, CIP, IEB
and EBRD. Moreover, LEED and
BREEAM certification may also
increase demand for polymer
concretes.

Overall, the EU has developed a
strong green technologies market. According to McGraw-Hill
Construction (2014), about 50%
of construction businesses expect the share of environmentally neutral materials reach
50-60% in 2015-2016, while
in 2008 the share of eco-friendly
materials and technologies was
estimated at 28% and they were
only mentioned by 13% of businesses. This factor is closely
related to energy efficiency programs implemented in developed economies: the Recovery
Act 2010-2016, Transformation

iMpleMentation
of MaJor
infrastrUCtUre
proJeCts tHat
reQUire speCialiZeD
ConstrUCtion
Materials anD
strUCtUres
These projects include the exploitation of the Arctic, oﬀshore
oil and gas fields, oﬀshore wind
farms, etc. Moreover, major infrastructure projects create new
infrastructure investments and
contribute to the reconstruction
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and modernization of existing
infrastructure.

DynaMiCs of tHe
Cost of proDUCtion
of speCialiZeD
Materials
The high cost of construction
polymer composites (due to the
cost of materials, especially carbon-fiber-reinforced composites,
as well as the cost and the lack
of high speed processing in the
manufacture of composites) significantly limits the integration
of relevant technical and technological solutions. E.g., according
to PwC9 76% of CEOs in construction and development businesses see the rising cost of con-

struction materials as one of the
main challenges. Construction
materials cost as much as 70%
of the finished building. Nowadays, the volume of special concretes, including polymer ones,
does not exceed 0.7-1% of the
total consumption of concrete,
i.e. it does not exceed 30 million tons per year, while conventional concretes consumed
worldwide in 2014 totaled some
4 billion tons. Leading concrete
manufacturers are China, India
and the United States.

Global
sterilization
market
in medical
devices
applications will
reach

$5,8
billion

by 2020, with
a compound
annual growth
rate of 10.6%

9 PWC, «Fit for the future 17th Annual Global
CEO Survey: Key findings in the engineering and
construction industry», 2014
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rUSSIAN COMPANIES AT THE
ACCELERATOR EQUIPMENT AND
TECHNOLOGIES MARKET

12345

BINP

NIITFA
SINP MSU

TECLEOR

RONIK

NIIEFA

AREA OF IMPLEMENTATION

Food and agricultural products irradiation (grains, root vegetables, poultry, fish,
sea products, fresh and dried fruits and vegetables, spices, etc.)

ATOMMED
CENTER

TPU

SIGN

Luggage and cargo inspection for weapons, explosives, fissionable materials

ADVANCED
BEAM
TECHNOLOGIES

INSTITUTE
OF HIGH
CURRENT
ELECTRONICS

CORAD LTD.
MEPHI

Non-destructive testing of welded joints, turbines, engines, space rocket fuel,
built constructions, microelectronics, etc.

Modification of materials to produce cable isolation, thermo-shrinking pipes &
films, polyethylene foams, car tires, etc.

Ion implementation of semiconductors for microelectronics.

Additive technologies (electron beam cutting, welding, cladding) to produce
metal products for aviation turbines, automotive engines, medical implants, etc.

Medical products sterilization (disposable syringes, bandaging material, rubber
gloves, disposable clothing and non-woven materials, blood transfusion systems, etc.)

Research and development implemented with accelerators

Production of radionuclides for radiopharmaceuticals used in PET-diagnostics

Stack gases and liquid eﬄuents treatment (allocation of sulfur dioxide and nitrogen oxide from stack gases, disinfection and preliminary treatment of water)

Ore irradiation to increase final product output

Irradiation of biological materials for feed, bio-substances, “green” chemicals
and bio-fuel production
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CORAD RESEARCH AND PRODUCTION
ENTERPRISE

BUDKER INSTITUTE OF NUCLEAR PHYSICS

China

45

South Korea

17

Belarus

5

India

5

Kazakhstan

4

Poland

3

Germany

1

Malaysia

1

USA

1

Turkey

1

Ukraine

1

Czech Republic

1

Japan

5

4

Products

Services

•

•
•
•

•
•

ILU accelerators (0.7-10 MeV, maximum power of 20
— 100 kW)
ELV accelerators (0.4-2.5 MeV, maximum power of 25
— 500 kW)
Accelerator components
Underbeam equipment

•
•

2 86

Shielding development
Production and delivery of accelerators
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Vietnam

1

1

2

accelerators

Products

Services

•

•

•
•

“Turn-key” irradiation facilities based on linear electron
accelerators
Linear accelerators (8-10 MeV, maximum average power
of the electron beam up to 15 kW, power consumption
of 100 kW)
Infrastructure solutions (conveyor, automated control
system and soﬅware, security systems)

Installation and commissioning of accelerators

•
•
•
•

Research and design of the necessary
production facilities, including radiation
shielding
Production and delivery of accelerators
Installation and commissioning of accelerators and conveyors
Personnel training
Maintenance of installed accelerators

Personnel training
Maintenance of installed accelerators

Contacts

Contacts

•
•
•
•
•

accelerators

1

1

1

75

•

France

Address:

11 Akademika Lavrentieva Prospekt, Novosibirsk, 630090, Russia

Contact person:

Alexander Bryazgin, Head of the Laboratory

Tel.

+7 (383) 329 4391

Email:

A.A.Bryazgin@inp.nsk.su

Website:

http://www.inp.nsk.su
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•
•
•
•
•

Address:

PO Box 10, pos. Pesochny, Saint Petersburg, 197758, Russia

Contact person:

Mikhail Demskiy, CEO

Tel.

+ 7 (812) 715 9312, +7 (931) 320 5395

Email:

corad.pro@gmail.com

Website:

www.corad.pro
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SCIENTIFIC RESEARCH INSTITUTE OF TECHNICAL
PHYSICS AND AUTOMATION

EFREMOV INSTITUTE
OF ELECTROPHYSICAL APPARATUS

China

6

France

6

Finland

2

Bangladesh

1

Vietnam

Egypt

1

India

1

South Korea

1

Portugal

1

Syria

Slovakia

1

USA

1

Uzbekistan

1

6
2

3
1

3
1
Services

•

•

•
•
•

Cyclotrons (energy 12-30 MeV) for the production of radioisotopes
Electron linear accelerators (3-15MeV)
Superconducting magnet systems
Vacuum equipment and metrology

3
1

Products

•
•
•

3

20
accelerators

Production and delivery of accelerators

4

1

Cuba

•

•

Installation and commissioning of accelerators

1

7

Services

•

Peru

gamma-ray
installation

Products

•

1

“Turn-key” irradiation facilities based on gamma-ray sources and accelerators
Gamma irradiation facilities (Cobalt-60, 300-1000
kCi),
Infrastructure solutions (conveyors, hangers for
irradiated objects, automatic control system and
soﬅware, security systems)

•
•
•
•

Research and design of the necessary production
facilities, including radiation shielding
Production and delivery of gamma irradiation
facilities
Installation and commissioning irradiators
Personnel training
Maintenance of installed gamma irradiators

Personnel training
Maintenance of installed accelerators

Contacts
Contacts

•
•
•
•
•
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Address:

3 Doroga na Metallostroy, Metallostroy, Saint-Petersburg, 196641, Russia

Contact person:

Andrey Strokach, Director of SPC LUTs

Tel.

+7 (812) 464 4464

Email:

directorluts@luts.niiefa.spb.su

Website:

www.niiefa.spb.su
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•
•
•
•
•

Address:

46 Varshavskoe Shosse, Moscow, 115230, Russia

Contact person:

Alexander Egorkin, Head of the Division

Tel.

+7 (495) 730 8010 ext. 203

Email:

egorkin@niitfa.ru

Website:

www.niitfa.ru
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ATOMMED CENTER

RONIK NUCLEAR
AND MEDICAL TECHNOLOGIES

Kazakhstan

2

1

Services

•

•

“Turn-key” irradiation
facilities based on gamma-ray sources and accelerators

•
•
•
•

Services

•

•

56

“Turn-key” irradiation facilities based
on gamma-ray sources and linear
accelerators

•

Dosimetric equipment

•
•
•

Complex package of services for the design of premises, installation,
operation and maintenance of the supplied equipment, including:
Research and design of the necessary production facilities, including
radiation shielding

3

accelerators

1

gamma-ray
installation

Complex package of services for the design of premises,
installation, operation and maintenance of the supplied
equipment, including:
Research and design of the necessary production facilities,
including radiation shielding
Installation and commissioning
Personnel training
Regular maintenance

Installation and commissioning
Personnel training
Maintenance

Contacts

•
•
•
•
•

1

2

Products

•
Products

2

Vietnam

Address:

46 Varshavskoe Shosse, Moscow, 115230, Russia

Contact person:

Alexander Kuznetsov, CEO

Tel.

+7 (495) 232 0345

Email:

AAKuznetsov@atommedcenter.ru

Website:

www.atommedcenter.ru
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Contacts

•
•
•
•
•

Address:

2 Moskovskaya Str., Dubna, Moscow Region, 141985, Russia

Contact person:

Sergey Basov, Executive Director

Tel.

+ 7 (495) 9720485

Email:

ronikat@mail.ru, Ronik@dubna.ru

Website:

http://ronik.ru
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TECLEOR LLC

SKOBELTSYN RESEARCH INSTITUTE
OF NUCLEAR PHYSICS, LOMONOSOV MSU

Products

Services

•

•

•
•

Impulse linear accelerators for inspection systems and radiography (3-10MeV, bremsstrahlung dose rate of up to 40 Gr/
min.)
Linear accelerators for sterilization and technological processes (1-10MeV, beam power up to 25kW)
Pulse racetrack microtrons (energy 10-100 MeV)

•
•

•
•

Installation and commissioning of accelerators
Personnel training
Maintenance of installed accelerators

In 2013 Moscow State University and Skantronik Systems established a
joint venture, MSU Laboratory of Electron Accelerators, to develop and
manufacture electron accelerators based on the solutions by SINP. MSU,
LEA MSU, and FSUE “RPE “TORIY”, the leading Russian manufacturer
of super-power electronic devices jointly manufacture accelerators for
inspection systems, non-destructive testing and sterilization

Services

•

•

Production and delivery of accelerators

Services provided by the centers designed for electron beam processing of food, medical devices, cosmetic
raw materials, etc.
Development of economically and technologically efficient solutions for irradiation centers.
Production of new protein sources of plant and animal origin for the production of food, feeds and biological products.

Contacts
Contacts

•
•
•
•
•
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Address:

Office 27, 2 Tsiolkovsky Str., Dolgoprudny, Moscow Region, 141707, Russia

Contact person:

Sergey Budnik, CEO

Tel.

+7 (916) 840 4821

Email:

sbudnik@tecleor.com

Website:

www.tecleor.com
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•
•
•
•
•

Address:

Build. 2, 1 Leninskie Gory, GSP-1, Moscow, 119991, Russia

Contact person:

Vasiliy Shvedunov, Chief Scientific Officer

Tel.

+7 (495) 939 2451

Email:

shved@depni.sinp.msu.ru

Website:

www.sinp.msu.ru
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NATIONAL RESEARCH NUCLEAR
UNIVERSITY  MOSCOW ENGINEERING
PHYSICS INSTITUTE, MEPHI

NATIONAL RESEARCH TOMSK
POLYTECHNIC UNIVERSITY

Great Britain

220

Germany

120

China

24

Germany (in cooperation with DESY)

India

14

USA

14

Malaysia

6

USA (1 with Cornell University, 1 with ANL)

Japan

2

Hong Kong

1

Oman

1

248

154

Products

Services

•

•
•
•
•

•

Betatrons (2.5-10MeV, power consumption 1-4kW)
Accelerator components

15

Switzerland (with CERN)

3

2

20

20

accelerators

402
accelerators

Production and delivery of accelerators

Products

Services

•

•

•

Electron and ion accelerators
Accelerator components

Installation and commissioning
Personnel training

•
•
•

Development and construction of electron and ion accelerators for science and industry
Development of high-frequency power systems
Material irradiation with MEPhI accelerators
Personnel training

Maintenance of installed accelerator

Contacts

•
•
•
•
•
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Participation in over 20 international projects for accelerators
construction

Address:

7 Savinykh Str., Tomsk, 634028, Russia

Contact person:

Anatoly Surzhikov, Deputy Director, Institute of Nondestructive Control

Tel.

+7 (3822) 424158

Email:

surzhikov@tpu.ru

Contacts

Website:

http://tpu.ru

•
•
•
•
•
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Address:

31, Kashirskoe shosse, Moscow, 115409, Russia

Contact person:

Sergey Polozov, Associate Professor

Tel.

+ 7 (495) 7885699 ext. 9940

Email:

SMPolozov@mephi.ru

Website:

www.mephi.ru

RUSSIAN COMPANIES AT THE ACCELERATOR EQUIPMENT AND TECHNOLOGIES MARKET

61

INSTITUTE OF HIGH CURRENT ELECTRONICS,
SIBERIAN BRANCH OF THE RUSSIAN
ACADEMY OF SCIENCES

China

3

USA

3

Poland

2

Turkey

1

5

4

ADVANCED BEAM
TECHNOLOGIES

Products

•

9

Systems based on the high-current electron gun with plasma anode designed for
plasma cutting, welding, and cladding

ion
sources

Services
Products

Services

•
•
•

•

Molecular phosphorus ion source
Boron ion source
Pure ionic boron plasma generator

•
•

Production and delivery of ion-plasma sources
embedded in implanters to dope semiconductors
Personnel training

62

Production and delivery of systems
Installation and commissioning
Personnel training
Regular maintenance

Regular maintenance

Contacts

•
•
•
•
•

•
•
•
•

Contacts

Address:

2/3, Akademicheskiy Prospekt, Tomsk, 634055, Russia

Contact person:

Efim Oks, Head of the Laboratory of Plasma Sources

Tel.

+7 (3822) 491776

Email:

oks@opee.hcei.tsc.ru

Website:

www.hcei.tsc.ru
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•
•
•
•

Address:

3 Prospekt Razvitiya, Tomsk, 634050, Russia

Contact person:

Vitaliy Alekseenko, CEO

Tel.

+7 (3822) 488576

Email:

development@sygma-tomsk.ru
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