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The key is “Research & development and Tech Transition to Industry”
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ACCELERATOR TECHNOLOGY
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Outline

Introducing VDL ETG

Challenges in our main markets served

Relevance of (accelerator) science

Industrial spin-offs
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VDL ETG: high-end contract manufacturing
facts and figures f““ - X . i o

- .

e')

15-6-2022 IPAC 2022 industry session VDL ETG 220615



VDL ETG - core markets

“* Semiconductor Capital | Science & Industry

Equipment Accelerators, astronomy instruments,
Wafer Handling, positioning and , satellites
processing

Analytical Equipment

High-end microscopes, mass-
spectrometry

Led Manufacturing
Equipment
' Full process automation

_ Medical Equipment

= N
’ % ) CT/MRI assembly & testing
| . g

Solar Production

Equipment

Substrate handling and surface treatment
processing

-
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Semiconductors: demand keeps increasing, while..
Semiconductors vs. Wafer Fab Equipment

1200 140 D e iy $100 $170 $275
= Semiconductors sales
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Wafer fab equipment sales
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Semicon content grows as everything gets smarter => cyclicality of semi market vanished
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...innovation further accelerates

2x every 6 years
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...innovation further accelerates

Public data Customer Specutation
projection

System Energy
Efficient Performance?
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The challenges of our market segments

Semiconductor equipment

Modules for lithography tools
Modules for metrology tools

EUV, E-beam and X-ray
productivity and yield

Vacuum

Cleanliness
Superconductors, cryo
Precision mechanics

Medical equipment

Modules and parts for medical
treatment/diagnostics equipment

Better diagnostics — X-ray
treatment — proton therapy

Vacuum

X-ray, proton sources
Accelerators and RF
Precision mechanics

Analytical equipment

Modules and parts for analytical
equipment

New diagnostic techniques
More reliable analytics

Vacuum and cryo

X-ray and E-beam sources
Cleanliness

Precision mechanics

15-6-2022
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So...why is accelerator science very relevant to us?

The technology is relevant for our customers, and we act on behalf of our customers
We need to learn to apply new technologies, and embed these in our roadmaps
Relevant mindset — pushing the limits
Volume production - stay within the control limits, process control...whereas
Innovation - push the limits

System approach is very similar

Enabling our customers to provide a differentiated proposition

15-6-2022 IPAC 2022 industry session VDL ETG 220615

M/El=



Where science and industry meet - synergy

Research Industry
* Investigate » Enabling * Manufacture
» State-of-the-art « Economic
* One-of-a-kind 9 * Available
» Size not an issue ( » Predictable performance
» Size limits
« Long term + Speed up! « Time to market

M/El=



Large overlap in technology strenghts and challenges

Research Industry
* project drive » accelerators + system integration
* RF design * E-beam * precision machining
* physics * cryogenics * mechatronics
 feasibility e vacuum  reliability
¢ - « cleanliness . -
» coatings

M/El=



It drives new applications & disruption as well

. c
5(;\%“6 FEEDS EXPERIENCE

DRIVES

New competences, new markets, disruptive technology

V1 —
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Accelerator spin-offs - applications

Accelerators

Low energy application
(large market)

Material treatment
(existing / growing market)

E-beam Welding
(growing market)

SEM/ TEM

(existing market)

Fundamental research
(niche market)

15-6-2022

Generating radiation

Collision with target to
generate X-Ray

(existing and large market)

X-ray imaging
(large market)

Tumor treatment

(large market)

Sterilization

(existing / growing market)

Security
(proof of concept)

Free Electron Laser
wide range of wavelengths
(growing market)

Materials and biological
research

(growing market)

Light source lithography
(ideas)

Defense (USA)
[(CED)

Fundamental research
(niche market)

IPAC 2022 industry session VDL ETG 220615

Tumor treatment

(small but growing market)

Materials Research
(small market)

Proton beam lithography
[((LED)

Fundamental research

(niche market)

Other elements

Tumor treatment
(proof-of-concept)

Material treatment
(growing market)

Fundamental research

(niche market)

Normal Conducting X-band




ADVANCED
ONCOTHERAPY

Disruption: proton therapy

4 LIGHT (Linac for Image Guided Hadron Therapy) developed by ADAM

4+ VDL ETG is partnering to manufacture, build and test the CCL accelerating modules

[ ¢ .H rﬂ‘i_-'r."-f‘t - m m
T '-"lii iR P ARR N
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Smart @ Light
New application: ICS light source

HILCTIICyYy B
Vlaanderen-Nederland

Europees Fonds voor Regionale Ontwikkeling

4 A compact, high brilliance, monochromatic X-ray source

» “the PC version of the mainframe synchrotron”

MV
.”\g\\\\\\\ \

W“WW;;’I“)‘W -1), »

1015 SR BM (DUBBLE)

ICS (Smart=kight)

4 Compared to machines currently under development, ICS
source is

» Compact

» Configurable and tunable (machine modular) X

\
» Energy switching securing high throughput / fast imaging

» Field upgradeable

Brilliance (phot/s/mm?/mrad?/0.1%)

| rotating anode W K,
liquid Ga K,
(Excillum)

» Ready for volume production

X-ray energy (keV)

i Ui —
15-6-2022 IPAC 2022 industry session VDL ETG 220615 UBL



Building bridges between science and industry

To enable future innovation (trends), bridges are crucial

»

To enable future science programs, bridges are crucial

»

Overcome the cultural gaps by valueing each others strengths

»

4 Build science-industry teams to address the challenges we have

Close the gap between (proof of) technology concept and commercial product development

»

- Ui —
15-6-2022 IPAC 2022 industry session VDL ETG 220615 UBI-



[PAC22 Industry Session

HOW A SMALL SIZE MARKET COMPANY CAN CROSS
THE CHASM BETWEEN A NICHE MARKET TOWARDS
WIDER INDUSTRIAL MARKETS

Enrico Braidotti
CAEN ELS s.r.l.

IPAC22 — Bangkok — June 15th, 2022



IPAC22
:

 Introduction

* Approaching industry
* Personal case history
* Unsuccessful (or successful?) example
*  Wrap-up
* Lesson Learned

IPAC22 — Bangkok — June 15t", 2022



IPAC22
“f% $3  INTRODUCTION

* electronic designer at accelerator facility
* interaction with technology transfer office

* moved to a scientific instrumentation company

* founded another scientific instrumentation company
* Design = Sales ® Marketing = Management

» growth in the scientific market

“Why not moving to industrial applications?”

IPAC22 — Bangkok — June 15th, 2022



1PAC22 «~ APPROACHING
® 77  INDUSTRY

Ok, thanks. We will
discuss internally and
let you know if it is of

interest

| don’t know exactly

because I’'m not too
familiar with your business
but it’s a NEW technology
and | am sure that it will
help you somehow!

“INDUSTRY”

“SCIENTIFIC
COMPANY”’



IPAC22
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What is the reason for this connection failure?

Is this technology really NOT technically interesting for the industry?
* speaking different languages
* not having the same focus (technical aspects vs advantages)

* missing link - translation What turns out to be
REALLY of interest

What SCIENTIFIC technology What the
looks like INDUSTRY uses IPAC22 - Bangkok — June 15, 2022



IPAC22
“f% $S  CASE HISTORY

First approach to industry:
* hire and train young physicists/engineers for scientific applications

* send them to explore if any industry field of application needs a specific
product or technology

>  UNSUCCESSFUL (or limited success)

We tried a different path:
 visit or approach industries on their fields (industrial fairs, exhibitions)

« establish connections and invest in bringing “industrial” people on-board (at
the conditions of their field, unfortunately) to act as translators
What is happening now?

= RAILWAYS, GYROSCOPE CALIBRATION, PV CELL TESTING SYSTEMS, HARD DRIVE TESTING,
FOOD STERILIZATION, BATTERY TESTING, MEDICAL and others
IPAC22 — Bangkok — June 15th, 2022
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DC Current Transformer technology (DCCT)
 used in accelerators (CERN) since the 60s on beam current

* later extremely popular on magnet power supplies
* great technical advantages Good ROl for
industry now!!!

So, why NOT much in the industry?
Too expensive, other technical limitations

IPAC22 — Bangkok — June 15th, 2022
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My PERSONAL “two cents”:
 technology and products from accelerators are cutting-edge (but
sometimes way too ahead!) and have industrial applications
* industrial and scientific markets are separate planets
« different people as interlocutors, need to speak the same language
» different needs, volumes, schedules, targets
* migration from technology to advantages for the industry
« attract people from industry, they will be translators
“other side” = “MY SIDE”
“their” = “OUR”

Vice-versa industrial-oriented not very effective with scientific community
IPAC22 — Bangkok — June 15th, 2022



IPAC22
° $S LESSON LEARNED

“Law of the instrument”

"IF THE ONLY TOOL YOU HAVE IS A HAMMER,
IT IS TEMPTING TO TREAT EVERYTHING AS IF IT WERE A NAIL"

Abraham MASLOW, Psychologist

IPAC22 — Bangkok — June 15th, 2022
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“f% $S  THANKYOU

THANK YOU
for your attention!

IPAC22 - Bangkok — June 15th, 2022
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1. A new role of industry in  |83:\@#¥)
the accelerator innovation ((%

[ J
ecosystem




Times have changed

We observe that around accelerators has

grown a network of companies, most of them 1

SME's, often run by scientists or by people with

a scientific background, that are creative, B ~—
. . . . . Innovation

flexible, innovative, continuously looking for | resources il

new Mmarkets and new applications.

Accelerator l[aboratories must help these

companies to grow and to compete in the T -

global market, to: l.l‘” 1

a) sustain the virtuous circle of scientific o o e e o
iInnovation, and scientific innovation

b) b) demonstrate the social and economical
@: impact of accelerator-based research.
i

FAST 2




A EC-supported tool: the I.FAST project

Innovation Fostering in Accelerator Science and Technology

Innovation Pilot, A new pilot instrument to demonstrating the role of Research
Infrastructures in the translation of Open Science into Open Innovation.

An evolution of our R&D programmes towards more industry participation that is
supported by the European Commission.

« Wider goal: 48 beneficiaries of EC funding - 8 large Rl operators, 12 national research
centres, 12 universities, 16 industrial partners (1/3, including 11 SMEs) - from 15 European
Countries, supported by 12 partner organisations and >20 collaborating institutions,
jointly developing technologies for the next generation of particle accelerators.

* Timeline: 4 years, starting 1 May 2021.
* Resources: 10 M€ EC contribution, out of a total project cost of about 19 M€.

With 16 industrial partners, industry makes up 1/3 of the consortium.
@FAST Other 12 companies participate in the Industry Advisory Board.




From suppliers to co-innovators

I.LFAST is fostering a new role of industry in Big Science.

Most of the activities within the project (Tasks) have one or more industrial partners that
are fully “co-innovators”, participating from the early stage in the R&D, giving their
contribution to the development of prototypes at different Technology Readiness Level.

Early participation of industry guarantees a faster feedback on the technological
requirements, and an easier adoption of industrial standards and technologies, resulting
in simpler and less expensive final products — and a consistent sharing of ideas!

Challenges:

» administration (on both sides!),

» corporate culture in large companies,

» Sharing of responsibilities and risks,

» |P management,

» Keeping competition for series production.

: Accelerator Co-innovation and the I.LFAST Programme
@ IFAST g




From Open Science to Open Innovation

E
e

The Iongt;term goal isto create a common language and a common working
round e'tween academia and industry, and to favour exchanges — in both
irections!

A career in industry, in particular in small dynamic SME's, should no longer
be a second choice for physicists!

@FAST 5




New challenges ahead

We have to work together to expand the particle accelerator
market. | see three main directions:

1. Production by industry of increasingly standardized
components for accelerators, possibly develop in co-
Innovation with academia.

2. Access with components made for accelerators to other
industrial or “Big Science” markets.

3. Production by industry of complete accelerator set-ups for
applications in industry, medicine, environment, etc.

@FAST 6




This project has received funding from the European Union’'s Horizon 2020 Research and In

2. The quest for the
miniature accelerator:
wishful thinking, or a key to
expanding the particle
accelerator market?




The potential

» Particle accelerators have a wide potential to expand beyond their present boundaries:
they are our unique tool to access the atomic and subatomic world.

« Our technological processes are slowly moving from the chemical and molecular
dimension to the atomic and subatomic dimension. Accelerators provide a (controlled)

way to access to and interact with this dimension.

* Already now, out of the more than 30’000 accelerators in the world only 1% operate for
fundamental research - 95% are used as everyday instruments for medicine and industry.

IFAST




The challenge if the miniature
accelerator: just a dream?

« The LHC in a shoebox...

* Every technological progress starts from a dream,
and accelerator builders are good at dreaming...
but is the dream coming true? And if yes, when

and how?

scienceaert

5 scienceatlas
CERN

Scientific discoverles from around the world
Bulletin

NEWS  ASTRONOMY  TECHNOLOGY  SPACE  PLANETEARTH  ANIMALS  BIOLOGY  CHEMISTI

Project eyes particle accelerator in a shoe box with
THE MINIATURE ACCELERATOR
et

Technology

CERN inside a Shoebox? Small Particle Accelerators Are
Coming

PHYSICS

This Miniature Particle Accelerator Powers a Tiny
Laser With Huge Promise
vao

DAVID NIELD

Table of Contents:  =:

CERN. The most notable discovery so far has been the fundamental particle, the Higgs boson. What lies ahead?

IFAST




What is the offer: “miniature”
technologies today

Category Particle Configuration Energy/Footprint Ancillaries Main limitations
(achieved, acc.
only)
protons mini-RFQ ~2 MeV/m?2 RF system RF power density, beam
acceptance
Incremental protons | mini-cyclotron | ~5 MeV/m?2 RF, power Shielding, magnet weight
technologies |
(RF) supply
electron | X-band RF ~ 20 MeV/m?2 RF system Breakdown rate i
S
Disruptive p, ions laser ~10 MeV/m? Laser Energy dispersion, beam
technologies accelerator emittance, efficiency
(laser) electron | dielectric laser | ~ GeV/m?2 Laser Beam optics, thermal loading,
s (DLA) radiation damage, efficiency

IFAST




Today’s opportunities

Radioisotope

Minimum energy

7 MeV (PET)

Market

Mature (several

Challenges

Reduce cost/dose,

Opportunities

New isotopes under

production competing production in study or clinical trials
o vendors) hospitals

Medicine - -
Cancer 250 MeV (p), 100 Expanding (6 Reduce cost, size. | FLASH treatment for
treatment MeV (e) 430 MeV/u | vendors for Integrate electrons and protons

(carbon) protons) diagnostics.

lon Beam 2 MeV (protons) Limited by cost Reduce cost, size | Artwork analysis, film
Analysis analysis in industry, etc.
Neutron 4 MeV (deuterons, | Presently small Activation, Industrial imaging
radiography | protons) portability

Industry — -
X-ray > 4 MeV electrons | Mature, Portability Security
analysis expanding
Beam <1MeV electrons Slowly Beam power, Environment (sludge,
treatment expanding public perception | microplastics, flue gas)

plus many more ideas on alternative and original usages of particle beams...
> while many companies sell accelerator components, only few company in
the market sell a «kbeamp», i.e. are fully responsible for the beam quality.
) » Small (“miniature”) accelerators can be excellent entry points for new
IFAST companies entering the field.

n




Opportunities...

* Laser-based acceleration can be the next enabling
technology for the miniature accelerator, but usable
beam power and stability are still a long way to go
for medical or industrial aBpllcathns. Developments
target the medical field — but this is where
requirements in terms of stability and
reproducibility are the most stringent.

« Conventional RF acceleration (linacs and cyclotrons)
has still some margin for improvements towards
“miniaturisation”: higher RF frequencies, solid-state
RF (possibly integrated with the accelerating

TRUMPF

L A8 B ¢

TruDisk 1020

structure), small PMQ's, some superconductivity, The additive manufactured
com‘p-act ion sources, .. | 750 MHz RFQ prototype
- Additive Manufacturing can be an enabling recently completed by the

technology for reducing the size of accelerators; | FAST prof :
perfectly suited for small dimensions, high precision, : projectteamin
small series — and copper is now becoming a collaboration with industry,
standard material for AM. 25 cm length.

@I FAST 12




Some conclusions - Innovation in
particle accelerator technologies

Making accelerator-based research sustainable over the long-term,
increasing at the same time the benefits of particle accelerators for society
are the main challenges to the accelerator community in this XXlst century.

To address these critical issues we need innovation developed in a collaborative
environment where industry is one of the key actors.

Our network of innovative SME's is a crucial asset of the particle accelerator
community, and | see two directions for expansion:

- More co-innovation programmes between industry and academia, with rules
defined by our funding agencies or by specific agreements;

- An expansion of the market to make new applications of accelerators accessible
with compact (“miniature”)accelerators made by industry, either by “integrating”
companies responsible for beam performance or by consortia of SME's.

@ IFAST .




This project has received funding from the European Union’s Horizon 2020

Research and Innovation programme under GA No 101004730.




Some examples of I.FAST technologies

- n @ N

Novel CCT-type
superconducting magnets
for small synchrotrons and
medical applications

Additive-manufactured

Internal source for

samples of critical
small cyclotrons

accelerator components

Permanent Magnet
Quadrupoles and
Combined Function
Magnets for Ultra-
Low Emittance
Storage Rings

' velocity modulation -> intensity modulation
cathode [ IS GI S M SN OGNS

Bunching RF circuit

IEAST Very high gradient electron guns  High efficiency klystron prototype
operating at high frequency



Two initiatives to promote innovation

Challenge'Based Innovation on Accelerators L
for the environment for teams of master-level FOR THE ENVIRONME
students from different disciplines (physics,
engineering, environment, law, and economics).
At the ESI campus at Archamps near Geneva
between 26 July and 4 August 2022.

Join a ten-day chi:

4 teams of 6 students from all Europe selected
among 187 applicants, will compete for a prize
to the best innovative idea.

r Givmor

Ir:gg%ra‘r%?gn The call for the I.LFAST Innovation Fund is now out. A fast-

Fund track, competitive process will finance emerging
® ) - technologies, processes, research, business models and other
- innovative solutions, at both development and prototype
stages. The fund will finance projects, involving industry, each
ey receiving a contribution between 100 and 200 k€.

Innovation Sustainability Funding

16

IFAST Information: httos)/ifast-project.eu/iif




Particle accelerator R&D:
challenges and opportunities

Opportunities: Challenges:

» Strong demand for R&D: » Presence of many actors, many
accelerators are crucial tools in the projects, many technologies, with
progress of modern science and different priorities and time-scales.

technology (physics, biology,

o ] i » Long time scale and high cost of
medicine, material science, etc.).

accelerator R&D, well beyond the
» Mature technology, with large capabilities of single EU projects.

Industry involvement. » Strong dependence on post-ww?2

» Supported by a wide, motivated, technologies increasingly faraway
and rapidly expanding scientific from modern industry’s focus.
and technological community,

) ) » Needs coordination and sharing of
spanning across continents.

resources. Xl

IFAST



Creating an Innovation Ecosystem

* Main strategic goals for EU accelerator projects:

1. Transverse approach based on synergies
between accelerators for different users: particle
and nuclear physics, photon and neutron
science, medicine and industry.

2. Collaborative schemes involving laboratories,
university and industry. R
Focus, market

3. Priority to long-term R&D topics, beyond the i
specific needs of approved projects and effectiveness
developments, starting from low TRL activities.

4'/ / 2 \
\o11trar
\a 9
‘\,‘ _,/‘

IFAST "
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BANGKOK, THAILAND

The Center for

EHBRIGHTBEAMS

A National Science Foundation Science & Technology Center
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‘program for

, Ph.D. students
* Support/ady

® Roles in policy and advocacy — IEEE USA R&D and Al Policy committees;
Served as voice for particle physics leading messages to legislators after the

3

/ last P5 report derived from Snowmaiss.

ELEMENT AERO



2 (ffice of

* Research Professor Elect , Computer nglneerlng and Mechanical
Engineering, the Unlversny of New MeX|co (mentor students, do research)

ELEMENT AERO




es, etc.)

" And most imps } — the people — a variety of disciplines is what really makes a

difference

ELEMENT AERO




ELEMENT AERO




ELEMENT AERO




ELEMENT AERO




©EnErRGY

Workshop on
Laser
Technology for
Accelerators

N U.S. DEPARTMENT OF offlce of

ENERGY Science

DEPARTMENT OF ENERGY (DOE)
OFFICE OF SCIENCE (SC)
ACCELERATOR R&D AND PRODUCTION (ARDAP)

Basic Research Needs Workshop on

| Compact Accelerators for
Security and Medicine

FY2022 RESEARCH OPPORT
STEWARDSHIP AND ACCE!

NITIES IN ACCELERATOR
ATOR DEVELOPMENT

Accelerators
for America's
Future

FUNDING OPPORTUNITY ANNOUNCEMENT (FOA) NUMBER:
DE-FOA-0002675

FOA TyPE: INITIAL
CFDA NUMBER: 81.049

FOA Issue Date: February 15, 2022

Submission Deadline for Pre-Applications: | March 15, 2022, at 5:00 pm Eastern Time
A Pre-Application is required

Pre-Application Response Date: March 28, 2022

Submission Deadline for Applications: April 26,2022, at 11:59 pm Eastern Time

ELEMENT AERO




HOME ABOUT - WORK PACKAGES -~ RESULTS ~ INDUSTRY ~ NEWS -~  ARIES CONTACT

Innovation Fostering in Accelerator Science and Technology (I.FAST)

Particle accelerators currently face critical challenges related to the size and performance of future facilities for fundamental research, to the increasing demands coming

from accelerators for applied science, and to the growing applications in medicine and industry.

I.LFAST aims to enhance innovation in the particle accelerator community, mapping out and facilitating the development of breakthrough technologies common to multiple
accelerator platforms. The project involves 49 partners, including 17 companies as co-innovation partners, to explore new alternative accelerator concepts and advanced
prototyping of key technologies. These include, among others, new accelerator designs and concepts, advanced superconducting technologies for magnets and cavities,
techniques to increase brightness of synchrotron light sources, strategies and technology to improve energy efficiency, and new societal applications of accelerators.

ELEMENT AERO 10

This project has received funding from the European Union’s Horizon 2020 Research and
Innovation programme under Grant Agreement No 1010047 30.
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./ AlUser Facility for Advanced Accelerator & Laser Research
* Part of the DOE Accelerator Stewardship Program

Facility

q FERMI FELs: FEL-1 & FEL-2

FEL-1: single stage HGHG seeded by a UV laser, ©
covers the range 100 nm — 20 nm. o0 . Modulator

FEL-2: double cascade HGHG =~ +*rioduistcr
to reach the wavelength 20 nm — 4 nm.
Rz T, ;-"\”'

: i FERMI@Elettra
SCE at Los Alamos National Laboratory

JLAB, SLAC, etc
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NASA Electronic Parts and Packaging (NEPP) Program _,@
2021 Domestic High-Energy Single-Event Effects (SEE) Testing Users Meeting

The Netiondl Acadewis
ENCES - ENGINEERING - MEDCINE

CONSENSUS STUDY REPORT

TESTING AT THE
SPEED OF LIGHT

THE STATE OF U.S. ELECTRONIC PARTS
SPACE RADIATION TESTING INFRASTRUCTURE

testing, and an increc
may actually increase requirem
modeling.

National Academies of Sciences, Engineering, and Medicine. 201 8. Testing at

the Speed of Light: The State of U.S. Electronic Parts Space Radiation Testing
ELEMENT AERO

Infrastructure. Washington, DC: The National Academies
ress.https:/ /doi.org/10.17226/24993.




Depletion Region Neutron
Sensitive Volume

N vy ARISTA

Advanced Micro Devices  Marvell Semiconductor, Inc. ~ Arista Networks ~ Prairie View A&M University

Asitive N g
lume " - -P_-_;_i:l‘+ = m
o B (7 Rockwe,
+ / = o —Y Hﬂneywe" di Collins [, m‘
Rec oiling : Honeywell Infineon Technologies, AG Rockwell Collins, Inc.  Sandia National Laboratories

Nuclear ¥ “
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Fraction of GCR Spectrum Simulated

* | Fraction of Simulated GCR
.. | Spectrum per Facility
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1500
Beam Energy (MeV/n)

* The proposed High Energy Events Test facility would have

* Beam energies from 40 MeV/n to 2000 MeV/n and possibly higher will be
available

* lons fromHto U [Z=1to0 92]
* Beam quality tailored for single event effects testing requirements

* Facility can be available 6000 hours/yr

* Target Room & User Facility - plenty of space for all needs

* Highly professional and experienced team for building, operating,
and supporting experimenter needs

* Once construction begins, could be operational within 3 to 4 years

Courtesy Kevin Brown, BNL
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Fast ions
/

Electron cloud

| pical experiment on proton
” Comple 1 o ser-irradiated solid targets.
T icchi, A., M. Borghesi and M. Passoni.
* Seeks to reduce the fo “lo acceleration by superintense laser-plasma
~ interaction.” Reviews of Modern Physics 85

ing industry and DOD syéé"' gineer (2013): 751-793

Brookhaven

National Laboratory

NT AERO AND BROOKHAVEN NATIONAL LABORATORY, ONGOING



ELIMAIA: o UserwBeamIine‘

-

ultidisciplinary A pplications of laser-ion

cceleration

o Dosimetry and In-air Sample Irradiation { | (S| I 1amber

i

; Interaction Chamber
Graphics by J. G

Specific niche, not replacing proton or ion therapy




Extreme-UV Lithography Critical Dimension Small-Angle Scattering (CD-SAXS)

0.02

Single-digit Nanoscale structures:
unigue metrology challenges ; S

e _ " - T Nature E1. 2018
Arizona State University " "a Labs

Slide Courtesy of Dr. Robert A. Kaindl, Arizona State University




It is a powerful structural measurement technique
for exploring time-resolved, ultrafast processes in
different material systems.

Electron Beam
0000000000000 00

Sample Detector
p chamber

UNM, Element
Aero, BNL, LANL,
Argonne

We allow users to train / do inference with the model using ALCF resources for near-real
~ time results (training on single GPU ~ 12 sec/epoch).

This is as simple as running a Jupyter notebook (for inference) and we already have custom
ilt code for analysis and instrumental diagnostics. DOE Funded
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photoinjector
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y
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K-B focusing
mirrors
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21

Smaller, cheaper, to meet the gap of access
Courtesy UCLA




N. Sapra, et al., Science 367, 6473 (2020)

* Labs: SLAC, DESY, PSI, LINL
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Accelerator on a Chip: Various Applications for
Dielectric Laser Accelerators are Now Being Explored

e An

Pk I\
| spplcstion_lrise | timescaie | icnotc Evaray | soecies | Pouer
pp Time-Scale Kinetic Energ Species Power
Radiobiology,
Endoscopic RT Medical 5yrs 100 keV to 10 MeV e- 1-5 mW

UED/UEM and
LU CEEN N ST EL -3 Science 5yrs 1-5 MeV e- 10 to 50 yW

Radiation Sources

EUV, IR, THZz Industry 5-10 yrs 10 to 100 MeV e- 0.5W
Compton X-ray
Source Medical 5-10 yrs 10 to 60 MeV e- 20 to 60 mW

Proton/Hadron
Therap Medical 10-20 yrs 70 to 250 MeV p+ 3-400 mW
Compact XFEL Science 10-20 yrs 1 GeV e- 1.5 kW

Multi-Axis

Tomograph Science 10-20 yrs 1 GeV e- 1.5 kW
‘ Fusion Industry 20+ yrs 15 keV to 1 MeV p+ 1 MW
10 to 200

Linear Collider HEP 20+ yrs 1to 10 TeV e-let+ MW

Near term applications in attosecond and quantum information science are
well matched to DLA performance (ultrafast, low charge, high rep).
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MOTIVATION FOR ML ALGORITHMS

We are interested on a chain with a

Table 1. Scaled equilibrium positions of the trapped ions for different total numbers of ions *
.
large number of ions. N Fp———

0.62996
0772

® The numerical calculation quickly : B L= A P

0.36992 1.1361 2.0123
0.68694 1.4129 22545

o o . 4 0. .
O becomes I m p rq Ctlcq | for Iq rge N' C —2.6803 —1.8897 —1.2713-596701 —0.5 75%31802 N 10599580-9670112195 1.66:11.8897 a7 2.6803

—2.8708 —2.10003 —1.4504 —0.85378 ‘—0.2821 0.2821 0.85378 1.4504 2.10003 2.8708

® This problem can be formulated in

terms of the minimum separation

between ion.

®* This reduces the numbers of variables

Sim time [s]

We implement ML algorithms for rapid calculation in lieu of
numerical calculation for design, operation and control.

100 150
Number of ions, N
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RAPID CALCULATION OF THE EQUILIBRIUM STATE WITH NN

® The numerical solution of the equilibrium position of an ion

chain is computationally expensive with increasing N.

®* A NN approach:

Numerical Solution Model Fitting Neural Network

/

* Approximate the solution given a discrete number of numerical

solutions.

® Train a NN to predict the fitting parameters for solutions that

have not been determined numerically.

® Reduced computation time at the cost of an approximation

error.

ELEMENT AERO

*  Workstation
* THETA

2000 4000 6000 8000
Number of ions N

Numerical computation quickly becomes
prohibitive with increasing N.

Fitting parameter a”
Fitting parameter b
Fitting parameter c*
Fitting parameter d*
Fitting parameter "

Fitting parameters

@ Training parameter
X Validation parameter

1000 2000 3000 4000 5000 6000
Number of ions N

Use an approximated model with a few fitting
parameters. Train on the fitting parameters.

B. Huang et al., in IEEE Access, vol. 10, 2022, doi: 10.1109/ACCESS.2022.3147727.
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our participation on DOE mee’rlngs, workshops and repor'rs such as Al

for Science (https: //www.anl.gov /ai-for-science-report).
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@ BRIGHT BEAMS

A National Science Foundation Science & Technology Center

to science,

e«

Science, technology, workforce, and knowledge transfer
deliverables.
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Courtesy of Ritchie
/ Patterson, Cornell



Gaining the fundamental understanding needed to increase the brightness of electron beams

O Van ' 'Bo

# Fermilab@ THE UNIVERSITY OF
& CHICAGO .
O BYU m Northern Illinois -
BRIGHAM YOUNG o Untversity i tqefter

BERKELEY LAB 3
ias Liepe

Jared Maxson
O NI REWERCS .David Muller
! > Jim Sethna
; B O BSUtRss™ \
Pietro Musumee v \ Kyle Shen

ArizonaState

Siddharth Kark

Courtesy of Ritchie
Patterson, Cornell



Knowledge Transfer

N
Thermo
SCIENTIFIC
CEOS
Corrected Electron Optical
Systems GmbH
N

AYs cdicbeam
'l~ TECHNOLOGIES

- INTEGRATED \
e Yitarion
= SOLUTIONS

Solutions for Innovation

KLAEE

Keep Looking Ahead

A few of our industry partners:

High brightness
guns and tuning
algorithms

for TEM and SEM.

RF gun load-lock.
Compton sources.

Ultrafast electron
microscopes and
diffraction systems

Bright sources for
faster wafer
inspection.

ULTRAMET
ADVANCED MATERIALS SOLUTIONS

STAR

CRYOELECTRONICS

TECH-X

High gradient
SREF cavities

MgB,-coated
SRF cavities for
nuclear physics

Courtesy of Ritchie

Patterson, Cornell

High Q
superconducting
linacs

Photocathode
simulation




@ Sampler of Lab Collaborations
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Courtesy of Ritchie

Patterson, Cornell

SRF coatings

Advanced optics




First Bridge Inspection by 3.95MeV X-ray Source in Japan
on October 26, 27, 2018

NHK World News - Science View — on November 21, 2018

Courtesy Mitsuru
Uesaka, worked
performed at the
University of
Tokyo




Energy & Environmental Accelerator Applications

1. Treating the sludge for a city of 100,000: 1.2 kW
+  7tons/day @ 10 kGy (per 40 CFR 503); Cost $70/dry ton (CC: $100-300/dt)
*  Class-A sludge can then be used as fertilizer in many states; methane yield increases with irradiation

Treating the regulated medical waste for 10 cities of 100,000 ea; 5 kw
* 5tons/day @ 50 kGy; Cost: 4¢/pound (CC: 18¢/pound)

Sterilize water & medical waste at a WHO emergency site of 500 people: 33 kW (P)
* 100 gal/person/day >0.05 MGD = 2.1 kg/s @ 10 kGy,

+  200-bed hospital <> 1000 |bs of RMW/day > .01 kg/s @ 50 kGy; Cost: $1,500/day Slide Ccou r’resy Of

Eric Colby, DOE
N[ H

Sterilizing U. S. Government Mail
*  New Jersey facility 5 MeV x-rays/10 MeV electrons

ADOTONHI3L
1N3IHYND HLIM 3191SSOd

Treating the power plant SOX/NOX emissions for a city of 100,000:

« 3300 MW-hr/day from coal < @ 9 kGy [SOX{95%, NOX470%]; i e i Communi'ry inpuf

*  Process byproduct is 17 tons/day of high-grade fertilizer; Cost: 0.12 ¢/kW-hr (CC: 0.27 ¢/kW-hr)

Upgrading heavy crude oil at a single wellhead
* 500 BBL/day @ 500 &G%vw(cﬁ thermal refining requires ~2 VMVva); Cost: S11/barrel (CC: S5/barrel)

Treat entire industrial effluent stream of DuPont Circleville, OH Plant

+ 0.9 MGD @ 25 kGy; Cost: $3/m3 (CC: $0.30-0.70/m?)

Hardening 3 lane-miles per day of interstate highway:

* 2cmdepth @ 100 kGy dose; Cost: S14k/lane-mile (resurface CC: $310k/I-m)

Emergency water treatment for Elk River, WV MCHM spill (2014) 2.4 MW (P)
5 gal/person/day, 300,000 people, @ 25 kGy; Cost: S5/m3 (trucked-in: $13/m3)

Cleaning up an oil drilling site in two weeks: 3.5 MW (P)
Treating soil within 50m radius to depth of 0.5 m
* 6,300 tons/2 weeks @ 500 kGy; Cost: 50.6M/cleanup site (haul-away cost: $1.1M)

ADO0T0ONHI3L
1N3IHYNI HLIM 3191SSOd 1ON

Treating entire domestic water supply for a city of 100,000: us oeparTuENTOF | (yffice of
100 gal/person/day = 10 MGD @ 10 kGy; Cost: $0.65/m? (CC: Chlorine: 9¢/m? Desalination: $1.25/m3) ENERGY | science

N.B. Cost estimates are approximate. (P) — portable
CC= current cost of existing process system required




e«

*Powerful accelerators can produce neutrons by spallation.
*This process may be linked to conventional nuclear reactor technology in an
accelerator-driven system (ADS) to transmute long-lived radioisotopes in used
nuclear fuel into shorter-lived fission products.

. . . . . . . . 34
*There is also increasing interest in the application of ADSs to running
subcritical nuclear reactors powered by thorium.

ELEMENT AERO
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ople and collaborations
»ining of resources to be
~ disruptive to drive us to disruptive
technologies.

Figure courtesy University of Chicago




MELBOURNE

Impact of disruptive
accelerator technologies
on human health

— Industry Session, IPAC22

Dr. Suzie Sheehy

Senior Lecturer, University of Melbourne

Baker/ANSTO Fellow in Medical Accelerator Physics
@suziesheehy



What is a disruptive technology?

Clayton Christensen introduced the idea of disruptive
technologies in a 1995 Harvard Business Review article*.

“sustaining technologies tend to “Disruptive technologies introduce a different
maintain a rate of improvement; attributes from the mainstream ... and often perform
that is, they give customers far worse along one or two dimensions that are
something more or better in the particularly important to those customers.

attributes they already value”
As a rule, mainstream customers are unwilling to use a

disruptive product in applications they know and
understand.

At first, disruptive technologies tend to be used and valued
only in new markets or new applications; in fact, they
generally make possible the emergence of new markets.

*https://hbr.org/1995/01/disruptive-technologies-catching-the-wave



i Disruptive technologies

How to Assess Disruptive
Technologies

Innovation/technology that:

“displaces an established technology and shakes
. ” Performance
up the IndUStry improvement required

by mainstream market

or

“a ground-breaking product that creates a

. ” Expected
completely new industry

trajectory of
performance
improvement

Performance

Current performance
of potentially disruptive
technology

Time



Automobile, electricity service,
and television were all
disruptive.

More recent examples include:
personal computers, online
news sites, ride-sharing apps,
and GPS systems.

Sweeps away the systems or habits it replaces because it
has attributes that are recognizably superior.




Examples from accelerator
technology: Radiotherapy

S-band linear accelerator technology:
* Recognisably superior technology: displaced existing
*  ~40% of successfully cured patients use radiotherapy



il Examples from accelerator

THE UNIVERSITY OF

i3 technology: Hadron therapy

- Recognisably superior outcomes, created a new market

Despite costing more than RT!

BUT remains a niche in cancer therapy:
* 22,000 patients/year (2018) treated with particles
* vs 25,000,000 patients/year with conventional RT

Number of Patients

200000

180000

160000

140000

120000

100000

80000

60000

40000

N Total No. of
Treatments

0 Treatments with
lons A>1

=O= Active Facilities
for lons A>1

++#+Total No. of
Active Facilities

uu.!,!l,!!!!!!

et o+’
deepartctetet
Pod®
Lol
Ir‘. -

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

DO DMDO OO0 0 0 0 0 0 0 0 T T T T -
$888388388s88:55z¢z:3
NNNNNNNNNNNNNNNNNNNNNNNN N NN NN

Year
La L L] L] . T b T
Bragg peaks 4
|
. .
carbon | ions

relative dose

protons

0 80 120
depth in water (mm)

160
(a)

70

60

50

40

30

20

seNI1oe4 BAIOY JO JaqUINN



il  Disruptive accelerator technologies

Could have the following features:
1. Displace existing due to obviously superior capabilities
2. New treatments or capabilities: a new ‘must-have’

3. Reach new markets that are ‘under-served’

| will focus mostly on beam therapies, not covered: radioisotopes, medical
sterilization, medical imaging or major facilities medical applications



See Manijit Dosanjh’s talk

Radiotherapy: the robust frontier  FRIDAY this conference)

Potential new markets by creating products where existing solutions are not working

v

N 3{-‘1

-

v 4
[] no data

number of people served by one radiotherapy unit
[ below 500000 [ ] 1-2milion [} over 5 million

[7] 500000-1 milion ] 2-5million [l no unit



g2l FILLASH: electrons or protons/ions

* Higher dose rate/beam current
* Superior biological effect (?)

* Could ‘speed up’ radiotherapy from 25 fractions to (potentially) 1-2

Very High Energy Electron (VHEE) therapy to complement
existing X-ray, proton, and ion therapy. Use 250 MeV
electron beam fo treat tumors.

100/ . 250 MeV VHEE

6 MeV

\electrons
|\ "~ photons

\
\

\

Dose, normalized

50 100 150 200 260 300
Depth, mm

- e ——
IR ST B 010010 T X Oy Dose profiles for variois particle beams in water [beam widths r = 0.5 cm)

E.g. X-band compact electron accelerators, and cooled copper structures



i In hadron therapy: p i Q W
= Orti comecton )} = E: e

SexlUPies. w00 W —eteeEme s . e g e et

= resonance e FLELEEE ST dd ok ol nd wd pd vd

Smaller/cheaper/faster \ e (S S b e :
Accelerators + beam delivery S l[f/h o 70 MeViu 34m - 34 kI < 430 MeViu

Magnet ~2t x4
Struct

Superconducting technology:
* lower energy consumption,
* smaller footprint

Rotating part

F=k

[1] Transverse scan [2] Energy adjustment u[3] Diagnostics & control systems

3.5s 1435 148.34

Multi-ion optimisation
Spatially structured beams

3s 123 127.84
2s 82 86.84
15s 615 66.34
1s 41 45.84
500 ms 205 ‘ 25.34

200 ms 82 ' 13.04

MRI-guided proton/ion therapy

80 ms | 328 ‘ 8.12 Scanning dipole magnets

Energy Layer Switching Time

50 ms |208 '6.89 Energy
! I I I I , , ,

Minimum Maximum

Energy

0 15 30 45 60 75 20 105 120 135 150
Times (s)

Yap J, De Franco A and Sheehy S (2021) Front. Oncol. 11:780025.

165



Advanced ‘novel’;: Laser-Plasma Accelerators

“the use of LWFA can be meaningful only if the parameters

High dose rate of the electron beams are advantageous compared to what
is achieved using conventional accelerator technology.”

—Albert et al. 2021

Electrons AND ions

“When it comes to medical applications, LWFA electron
beams do have unique properties over conventional
sources: they not only provide very short bunches, but also
dose rates as high as 10° Gy s*. Therefore, LWFA could be
particularly relevant for the field of radio-biology.

—Albert et al. 2021

100 125 150 175 200 225 250
Energy [MeV]

75

Patient table.

50

o5 0.0 05 1.0 2.0 25 3.0
Ieng!h [m]

Pulse pow Pulse pow
D solenoid: 90 « tor ma g Q d po mag Phy
Bo~40T Bmax< 9T 100Tm --C“ ators

Figure 6. The figure shows the schematic design of the 360° rotatable gantry with
laser target chamber and patient treatment site. For a compact arrangement, the idea

**Félicie Albert et al 2021 New J. Phys. 23 031101
U Masood et al 2017 Phys. Med. Biol. 62 5531
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id  To create disruption, needs an ‘eco-system’

Example: Australia

Now entering a new era for accelerator development
and applications, including new activity in medical
accelerators, space technologies, and advanced

materials development. AC
We are re-launching an existing national-scale Acé:
collaboration in accelerator science ACAS: Australian LAB

Collaboration for Accelerator Science with industry
members as a core players. (Best advice for us?)

New laboratory (X-LAB), developing industrial
partnerships to enable translation of technologies.

—
VY

Specification
ANFF-SA were tasked to fabricate 1 W90 adaptor flange from 316LN to drawing

Xcitement down under: Au
gets first X-band facility

Half of a CERN high-gradient test facility embarks on a new lif
Melbourne

15 JANUARY, 2021 | By Achintya Rao T




21 Thoughts for industry session

Accelerators have had a dramatic impact on human health. They
could do so further in future:

* Are we over-focused on trying to ‘disrupt’ existing markets in
medical technologies (e.g. hadron therapy), rather than creating
NEW markets?

* How can countries (like Australia, but others too) learn from
those who have well established academic/lab/industry
connections?

» Disruptive innovation requires dedicated effort/expertise, how to
balance this against more ‘traditional’ publication demands
especially in academic setting?
13
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THE UNIVERSITY OF

MELBOURNE

Thankyou

Dr. Suzie Sheehy

suzie.sheehy@unimelb.edu.au

@suziesheehy

-

. Pictured: X-LAB pre-renovation at University of Melbourne (Photo: M. Volpi)

G




IPAC22
Conclusion “7%

* Develop awareness of how important particle accelerator technology is to industry

* Building bridges between science and industry to enable future innovation and future science programs.

* New applications are appearing that might considerably expand the particle accelerator market and
provide interesting opportunities for companies in the accelerator technology market.

* Have an annual IPAC technology transfer and partnership award open to nominations for industry as well
as teams (e.g. industry, labs, academia, government). Each person on the team would receive a plaque
presented in the awards session.

* The committee would be led by an industry person with a mixture of industry, labs, academics, NFPs,
and government persons.

* Have a small workshop as part of the conference with subject areas of discussion for sparking
collaboration.

* Foster the submission of scientific papers from Industry - there are lots of scientists working in the
companies!

e A r&wgls\;l%ge to Industry: foster Industry aggregations/cooperation/consortia etc. which include start-up
an .

* Promote diversity not onI}/1 in terms of gender and minorities but including different educational
backgrounds, essential for the development of new models of collaboration, innovation and business.



I«Iﬁ%

IPAC as a booster of a new style of the Industry Session, to foster the
integration between labs and companies with concrete actions?
A wishful thinking or a valuable reality?
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