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tro & context




What is Electron beam accelerator ? Tba

= Electron beams accelerators are particle
accelerators. ), oo

HIGH VOLTAGE
TERMINAL

= In this case, the particles being accelerated are [L \
electrons and the beam generated is the
equivalent of beta radiation.

ELECTRON BEAM

FLORESCENT SCREEN

SCAN WINDOW
(METAL FOIL)
PRODUCT

= The voltage is the force that accelerates the
electrons.

TV TUBE SCANNED BEAM
ELECTRON ACCELERATOR

= Electron energies typically vary from the keV to
MeV range, depending on the depth of
penetration required.

= The irradiation dose is usually measured in
grays but also in Mrads (1 Gy is equivalent to 100
rad).
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What are the types of accelerators ?
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5to 10 MeV 10 to 40 MeV

1to 5 MeV

Energy (keV)

500 to 1000 keV

80 to 500 keV
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Ok but, how does it work ?
Some examples



The Rhodotron: Basic acceleration and re-circulation

Electron are generated by the e-gun, then
accelerated by the electric field in the

cavity:

After the first acceleration pass, the
electron are curved by a magnetic field:

m.v2 m
= Br=—yV

r g
Important: electron are relativistic after
first pass: v = constant !

E(e) |50keV |1MeV | 10MeV
B 0.41 0.94 0.99
Y 1.098 |2.956 | 2056

F=q.(E+V.B) =




RF Pulsing Principle & Advantages

9 ns at 107 Mhz !

Typical RF consumption:

« 80kW for 1MeV at 107MHz - 105kW for 1.1MeV at 107MHz
« 840kW for 3.3MeV at 107MHz

« 120kW for 1MeV at 352MHz
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The Rhodotron: Basic acceleration and re-circulation ba

=1

E-Gun
Magnets
Final Power Amplifier




RF Pulsing Principle & Advantages

i.e.: TT200 max
power 100 kW

Power
tuning

40 kW beam power
40 kW beam power

40 kW beam power

<+— Power tuning =——>

>80 kW Cavity power

Ancillaries power Ancillaries

Continuous Wave mode Eco mode 40 kW
~30 % less consumption

Typical RF consumption:
« 80kW for 1MeV at 107MHz - 105kW for 1.1MeV at 107MHz

 840kW for 3.3MeV at 107MHz 9
o« 120kW for 1MeV at 352MHz



RF Pulsing Principle & Advantages

= Pulsing at 50Hz, 20% duty, 40kW, Conveyor speed: 12m.m-!

Orﬁs 20ms ¥ 4mm 40ms = 8mm

10
INTERNAL USE ONLY Data from F. Stichelbaut - MCNPX 2.7.0



hat about lower energy machines ?
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At lower energy: The Dynamitron




Dynamitron: how does it work?

Electrons bombarded with selected high
energy on chosen material

Design key idea: to separate functions in

order to better master them (master or
avoid couplings, ...)



Dynamitron: how does it work?

p . High energy storage: High Voltage (HV)

/\ o
il To increase electron mean free

path: vacuum tube

\
/ \ ®r~To reach and keep vacuum: vacuum
pump(s)

v To close the vacuum chamber and
allow the electrons to go outside:
vacuum window (thin titanium foil)




Dynamitron: how does it work?

P ~
To load the high energy storage: v ! A 4 !
series rectifier bridges (LVR for \} ;/'
Low Voltage Return current) v

nxv




Dynamitron:

how does It work?

To control and to measure high

~
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Dynamitron: how does it work?

-/e\)_/\Beam production: filament
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Dynamitron: how does it work?

To get a constant voltage gradient

|-,
B 4 \ along the tube in order to

LA v~ __~To optimize acceleration: Beam Tube
el Iy % Divider (BTD)

vi ¥




Dynamitron: how does it work? Tba

- optimization of the electric field effect
: - succession of focusing-defocusing
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\ /é/—\To optimize acceleration: dynode
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Dynamitron: how does it work?

- Avoid electrical discharge & mtl damage
No arcing: SF pressurized chamber
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Dynamitron:

how does It work?
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To focus the beam: focusing magnet

To scan material with the beam:
scanning magnets



Dynamitron: a few pictures...




few words about linacs ?




Linacs in a nutshell

Varian 600c biperiodic n/2-mode SW structure:

Normal cavity

Frequency Range | Microwave / Radar Bands

216 — 450 MHz P-Band
1—2GHz L-Band
2—4 GHz S-Band
4—8 GHz C-Band
8 —12 GHz X-Band

12 — 18 GHz K,-Band
18 — 26.5 GHz K-Band
26.5 — 40 GHz K,-Band
30 — 50 GHz Q-Band
40 — 60 GHz U-Band
50 — 75 GHz V-Band
60 — 90 GHz E-Band
75 — 110 GHz W-Band
90 — 140 GHz F-Band
110 — 170 GHz D-Band

110 — 300 GHz| mm-Band

A23 Accelerator Performance
Beam Power (kW) vs Beam Energy (MeV)

(b

= Linear & compact structures

= Very common in medical and
research industries

= Higher frequency = pulsed mode only
at low duty cycle

= Variable energy possible
= Currently limited to 50-80 kW

= Lower electrical efficiency (losses &
power RF sources)
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What are they used for and why ?




What are electron accelerator markets ? Tha

_

A
]

Photovoltaic wafers

Sterile Insect Technique
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What are electron accelerator markets ?

“Global ebeam irradiation service market is expected
to reach USD 1326.1 million by 2028, at a CAGR of
8% during 2022-2028”

Electron Beam Irradiation Service Report 2023

INTERNAL USE ONLY

Germany
UK

‘ . dohesia
us ' . iailand
Cana-da ) ] R -/Philippines
Mex_.l‘co : y _ Malaysia

& Vietnam
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Egypt
Nigeria

Brazil
Argentina

. '(f:sl::’::,i:; South Africa Austral
Republica Dominican
v I¥
Medical applications Cable & wiring industry
Food industry Other industrial applications
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Why is sterilization special today ?

Home Healthcare Market (USD Billion) & Y-o-Y Growth (%)

260.7

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

UsD Billion

m USD Billion  ——g=—Y-0-Y

LOW-TO-MEDIUM DENSITY PRODUCTS

Medical Devices
and Pharmaceuticals

Sampling Products




Why is sterilization special today ?

Home Healthcare Market (USD Billion) & Y-o-Y Growth (%)

260.7

UsD Billion

2017 2018 2019 2020 2021 2022

2023

2024 2025 2026

m USD Billion  ——g=—Y-0-Y

Public

TOXIC
GAS

Presumed
locations
of Russian
forces

Military-style
pontoon bridge
spotted over the
Pripyat River, a
few miles from
the Ukrainian
order

+ Kyiv
UKRAINE

Estimated
armed forces

Soldiers: 255,000

Tanks: 2430 Black Sea Annexed %
Aircraft: 285 Russia in 2014
Warships: 25 i

US estimates
Soldiers: IM 150k troops
Tanks: 13,000 around the border,
Aircraft: 4,144 and approx. 40
Warships:603 combat ships in
Nukes: 6,400 the Black Sea




Why is sterilization special today ?

Home Healthcare Market (USD Billion) & Y-o-Y Growth (%)

484.1

260.7

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

UsD Billion

m USD Billion  ——g=—Y-0-Y

Public

Volume of Sterilized Single Use Medical Devices

(o



The change of paradigm

Power Installed per Modality [kW] - IBA Only

25000

M E-beamm M DuoE-beam ™ DuoX-Ray ™X-Ray ™ Radioisotopes

20000

15000

10000

Beam Power Installed [kW]

5000

, o lllIIIIl'lIIIIIIII I
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Public

(ba.
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The growth is global

Rhodotron® installed base 2024-2025

+/0

Rhodotron® o
installed

Public

(ba
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Yes, | am convinced !
How do we start ?

33



Where do we start ? o
. SR Tips:
A Select penetration = Energy (MeV) Powe;p(iW) _

Energy Deposition

w
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0.0

0.5 10 15 20 25

3.0

—— 1.0MeV —8—15MeV —&—2.0MeV —%—25MeV —%—3.0MeV —8—35MeV —+—4.0MeV ——4.5MeV —— 5.0MeV

Market Segment Electron Energy Typical Penetration
Surface Curing 80 -300 keV 0.4 mm
Shrink film 300 - 800 keV 2 mm
Wire & Cable 0.4 -3 MeV 10 mm
Sterilization 3-10 MeV 40 mm

Define needed dose = d (Gray)
= Choose current =1 (mA)
= Scanning width (cm)
= Product speed (m.s-1)

Dose rate ?

Energy stability & spectrum ?
Lifetime ?

Uptime ?

Cost to buy and maintain ?
Interface with Conveyor system ?
Safety ?

Electrical efficiency ?

Easy to find parts ?

Time to buy and install ?
Sustainability ?

| (MA) x E (MeV)

Who can
integrate
something like
this and make
it work 8000
hours a year
during 30
years ?
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Always Start From the Product (and business case)

99958233

ﬂiﬂiiii%é

=
2828228|!

segiaws

2383283|8

YOU PROVIDE THE URS:

= Packaging

= Batches

= Density

= Materials

= Can be flipped ?
= Target dose ?

= DUR ?

= Throughput ?

= Business case ?
= Business evolution ?

Simulation
based on
Monte Carlo
and actual
data

ba

DESIGN IS OPTIMIZED:

= Doses

= DUR

= Compatibility
= Throughput

= Ramp-up plan

= Conveyor first
= Accelerator

* Bunker/Facility
= Options

= |Q/OQ/PQ plan

35



L
Aerial

Excellence
iCenter for
radiation
processing
4

Aerial &

Monte Carlo to confirmin a
real setup and with real
products

= Product Testing
= Monte CARLO service
= Dose Mapping

63E+04

= Packaging optimization
= Product design

Breaking:
FLASH Feature is now

available at aerial !

36
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Double side irradiation at 10 MeV — The DUR o

30 cm bOX - 0,2 gr/cc —top beam ==—=bottom beam ~——double beam

=
o)

AMEVEX~

Side A Side B

Side A dose - Side B dose

=
>

M
X _J
\ /

V

L
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b
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o
o)

Normalized Dose
o
00

l /\
= R
MAX 0.0 - / T \' T
0.00 2.00 4.00 6.00 8.00
_ Depth [cm]
Total dose
(side A + side B)
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What if | need more than 50 cm of
penetration like gamma ?

Why is X-Ray booming now ?
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Industrial Sterilization Processing Comparison ha

Ethylene Oxide E-beam Gamma
GAS ¢
Gamma Rays

=il

7
>
—
~

- <«
E-Beam «—
accelerator /

Cobalt 60




E-Beam or X-ray ?

Beta/E-beam (B) h—-—-+-—-—»)

X-ray (X)

X-Ray have more Penetration:
— Bigger Packaging

— Better DURs

— Better process Quality

— Easier PQ

— Easier dose transfer

Relative Dose

Dose vs. Depth Profiles

40 |

—  E-beam 10 MeV

— Cobalt-60

—  X-Rays 5 MeV
X-Rays 7 MeV

20

| 40 — 602|
Depth (g/cm”)

80 100

40

ANOA34



Industrial Sterilization Processing Comparison o

Same technologies from a radiation point of view

<.

Ethylene Oxide E-beam -~ X-ray Gamma

wl &
ey ey

Gamma Rays

|
X-Ray Converter

\ /

=1l =

< —

§ g < ——
E-Beam E-Beam «— I I I —_
accelerator : accelerator / \

Cobalt 60
Electron —> =

' X-rays



Chapter 4
What X-ray brings to you.
X-ray vs other modalities & comparison case study

E-beam and X-ray Sterilization

WeE.BelaN.AJRSS

Pradort Mananar RAN NMurlasr lneacarsinne

What X-ray Brings to You: X-ray vs Other Modalities & Comparison Case Study

glproductions.com » 1 min read

O o
(5 Like G) Comment (=) Share % Send

X-Ray fundamentals
Reminder from Webinar #4




What are X-Rays ?

43




100 l

Key messages Webinar #4 T——
2,./"’ /_‘““:D'_ = High-Z target

sl - Au (Z=79)
= X-rays are produced by Bremsstrahlung when incident -W(2Z=74)
electrons interact with the electromagnetic field of target nuclei.

-Ta (Z=73)

The incident energy of the electrons is limited to 5 or 7 MeV to
avoid activation of the target and products.

— T,=5MeV |

Conversion efficiency is typically 8 to 12%, the rest is heat. — TETSMeV |

X-Ray exhibit a continuous energy spectrum between ~150
keV and the incident electron energy (T,).

Dose vs. Depth Profiles

= X-Ray are neutral: they penetrate deeper than electrons and ——— e
deposition follows a simple exponential decrease. e — Ebeam10MeV |
L 80 ——— Cobalt-60 7
| | . — XRasMeV | e

= Dose is deposited by secondary electrons: a photon is a photon z N T TTRREER
2z E
20 | ]

L I R T— 100

Depth (g/cmz)



Key messages Webinar #4

= X-Ray convertors are optimized since the 80’s to:
= Maximize X-Ray conversion efficiency

Optimize X-Ray fields geometries

Reduce secondary electrons in the products

Optimize cooling design of target and horn

Maximize reliability and maintainability

Beam

T, =7 MeV
> Ta=1.2mm
= H,0=3mm ' ml
= Steel = 3 mm




The best DURs with the latest generation Tha

Dose along Z - Cardboard
L L L T T T

[T T ™ ]
; Position Z1 1 B
30 = 3

Q N
2 s |
215F __ MCONPX 1810
A 0L — GEANT3(x 0.82) EREN
: e  Alanine 1 05}
5 =
E Lo b v b v b b b o b ol 0
% 20 20 60Z (80 | 100 120 140 150 -100 'f(;cm) gn targict} 100 150
cm
Scan type DUR Dhin D ax
(kGy/h/mA) | (kGy/h/mA)
Uniform 1.57 0.52 0.81
Variable 1.44 0.63 0.90
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k clear, back to process integration !




What is integration ?

Shielding or Bunker
Energy & process dependent

Beam scanning & dose control
Linear, variable, continuous, pulsed

Accelerator: E-beam or X-Ray

Anciliaries
Dosimetry, control, electrical
Ozone, maintenance

Energy supply

Process Control System - PCS
Recipes, control, monitoring, reporting
Interface with ERP

The product conveyor:
Box, tray, totes, pallets, wires, water, sludge

Building safety
According to regulations

/ Automatized

warehouse
obots, AGV

53
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E-Beam or X-ray ?

>
TS —

“Lateral irradiation”:
Simple & cheaper

No flipping

Low to Medium throughput

v'iﬂi\%i %i" v

“Top down irradiation”:
Medium cost
Flipping of the boxes @J @‘

throughput Tk
Very high with robots @@J :

“X-Ray irradiation”:
Simplest conveyors
No flipping

High throughput without robots

-
~
‘ﬁ-

-
-
—————————

THICKNESS + CONFIGURATION
DENSITY Houn = bile CONSIDERATIONS
— P
TWO-SIDED
GAMMA./
?
HIGH e REQUIRED?
Radiation ~— PRODUCT
Compatible S VARIABILITY ?
Material ?
roo—.
E-BEAM
DSTE - DMAX
~—
DESIRED
) VOLUME ? j
\

=~

vYY VYV VY vowy

aNOA3g
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An example: Lateral Irradiation of boxes

S
Iss

Product
Av. Density (gr.cm?) 0.15
Product Mix Medium
Performance
DUR <1.8

Volume up to 140,000
(m3/yr)
System Properties

Type Double side
lateral by
rotation

Energy 10 MeV

Scan 30-100 cm

Power 20 to 80 kW

Footprint 25x26x6m
55



BEAGLE ConTROL BCS: Conveyors A1: Started A3: Started A5: Started A7: Started A9: Started BCS communication

12/11/2020 11:25:11 AM

Group: B2 BMES: Disconnected A2 Started Ad: Started AG: Started AB: Started A10: Started PHS communication

BMES communication

ACS communication

‘ EEE Production | Line Treatment
_ — < Current ot order
. 1 OO0 A LOT BGL_1
L f e
. | H | Ql_ Case - Current recipe
d L ~ v/ 7
_ - A P _ RECIPE_BGL_1
@ Recipe [| LoT_BGL_1 AP ~ T 1 €9 [DHW A --"\
- < = = , |
i Y ': A1 an < —_— Y A% = = Setpoints  Actuals
[ LoTBeL : 111 g v = =
] ’ = h — X Access (X)
[ | YHR Case ~ LOT_BGL_1 =
! i Tl i 7 0.00 Mev
EEE2NN o v — g :
5.00 0.000 mA
@ MCS v, v,
LOT_BGL_1 MPA vl g
2] [HEEG 65 0.0 cm (SL
Insert i +0.0 +0.00 cm (¢
= Dosimeter
Dosimet
=B LOT_BGL_1 9.62 9.620 mimi
u Treatment successful =7
|
Status
€ PHS Interface /
= P o \
B9 Acsinterface PN [ ] e
= = LOT_BGL 1 &
= " - |
(i / T g
(S staistics ! : LOT_BGL_1
L ——
r | ] g
@ Events _ _
[[-:'i
Line Controls Counters
18 Casesin 9 Cases out 0 Rejects 10 Casesc

Stop Internal Staop External Maintenance Reset Counters



State-of-the-Art Conveying Systems




X-Ray solution selection guide lba

4
B

(]
VYV VYL bbb bbb
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1-Level / 2-Sided

, ~ 100 000 m?
©
Dot 4

0.15 g/cm3
- 25 kGy

DUR : ~1.8 — 1.3 with variable S

Y

THROUGHPUT

YV V V

Horn 2.2 0or 3 m

]

Y

Typical overscan ~20 cm

‘ » 1 level conveyor

0. 000 » Vault height ~3 -4 m

OOOOOOOO

» Treatment area : ~900 m?2

FOOTPRINT
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Zoom on the 2 levels, 2 sides or “4 Sides” Tha

b
Q
(=)
=]

Pallet Height = 180 cm

w=215cm

180° rotation

— Pass 1+2

I —— Pass 1

Energy absorbed (au
o
(=]
T

— Pass 2

o
[=]
L=]

ap upper and
lower levels

1000

750

180° rotation

250

0_-I.-I-..I..-I.I.

. T NI TSI SINEE S
-80 -80 -—-40 -20 0 20 40 60 80

Z (em) 60
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Other examples of EB/XR integration




Other examples of EB/XR integration
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Other examples of EB/XR integration

64
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What are the jobs in the Industry around
I accelerator integration ?




A wide panel of expertise and skills: meet the experts

Building Design

System experts

must successfully pass all steps to

ecome accepted

Conveyor System

Beam Physics Radiations Matter Interac.

= =t \

. - -
“ iie‘ a4 -

PLC & Safety System

8o Mko
2 -
e 1o

8
e
N -
P
-A
{
\ =

Process & Testing
Product Dose Mapping

Financing
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What are the jobs needed to integrate a center ? Tha

Accelerator &
accessories

System Owner, R&D
Engineers & Experts

New Technologies
Product Managers

Physicists &
Engineering Experts

Control, Safety, PCS
Software team
Data scientists

User experience

Integrated solution

Conveyor & Production
Flux - throughput

Process Product Mgr &
Architects

—

Shielding & buildings

Facility Engineer & R&D
Physicits

INTERNAL USE ONLY

Installation, testing,
Maintenance, Upgrades

Operation team, Flying
engineers, service
experts

Applications, product
validation, process

Researcher at R&D center

N
Application
Specifics (Targets, Marketing team
yields, etc.)

Applications
specialists

Sales team

67
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And on the Customer side ? ~30 jobs per site

ba

Accelerator &
accessories

Elec & mechanical
Engineers (2)

New Technologies (SSA,
Pulsing, new materials,
electronics, etc.)

R&D Engineers (1)

Control, Safety, PCS

Dedicated Software
team (2)

Center Director

1y /| 4__4:77

Conveyor & Production
Flux - throughput

Maintenance technician

(2)

—

Shielding & buildings
Radiation Safety officer

(1)

Z

INTERNAL USE ONLY

Installation, testing,
Maintenance, Upgrades

1Q OQ engineers (2)
Maintenance experts (2)

L

Applications, product
validation, process

Process experts (1)

Product processing
Operators (6)
Quality Assur. (2)
Dosimetry (2)
PO experts (1)

Sales manager (2)
Admin (2)

69







ow do we conclude ?
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Conclusions

* E-beam and X-Ray are exciting
technologies

= Sterilization and X-Ray are booming but
other applications are around the corner

= Most of the value Is in good Integration

= New applications are to be discovered still

= The sector creates a lot of opportunities,
and a new generation should emerge !
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