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Particle, Energy and Choice of Accelerators
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Trials for Downsizing of International Linear Collider ‘
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Downsizing of Medical Accelerators by Advanced Technologies
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Clinical Nuclear Medicine

Uses of atomic energy forimaging of diseases and care for patients
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TheranOStiCS is a concept of personalized medicine that combines

diagnostics and therapeutics for each patient, using the same or similar diagnostic
agent as the therapeutic agent, in order to 1) avoid harm to the patient and 2)
ensure that the treatment is effective.

How it works?

Diagnostic or therapeutic isotopes
bind to antibodies, peptides, or
small molecules via chelation etc.
Radio-conjugates bind specifically
to antigens or  receptors
overexpressed on cancer cell
membranes and emit radiation
from those sites.

Diagnostic

Therapeutic

Radioisotope
Diagnostic: 18F, 68Ga, *°MTc, 123]
Therapeutic: 131, 177Lu, 211At, 22°Ac

Radio-conjugate
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Figure 1:|*Ga-PSMA-11 PET/CT-scans |of patient A Pre-therapeutic tumor
spread (A), restaging 2 months after the third cycle of Ac-225PSMA-617 (B)

and 2 months after one addtional consolidation therapy (C)

Figure 3:|“Ga-PSMA-11 PE':vCT{-canslof patient B. In companson to the

initial tumor spread (A), restaging after 2 cycles of beta-emitling] "LU|PSMA-
617 presented progression (B) In contrast, restaging after 2% (C) and 37 (D)
cycle of alpha-emitting[FASP SMA-617 presented impressive response

Kratochwil et al. J Nucl Med 2016;57:1941-1944

The left figures are notable
forthe fact that the 22°Ac-
labelled agent has resulted
in the complete remission
of systemic metastases
from prostate cancer.
HOWEVER, the image is
also symbolizing what
theragnosticsis all about.
We can optimize the
treatment plan precisely
for each patient using
thragnostic technique.
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Revenue growth of the radiotheranostics field by market analysis

With advancesin

Therapeutic

18+ [ Technetium-99m TLX-592 t
reatment technology, the
I PET-CT PSMAR2 ket size ri &Y
[ Other CTT1403 Market size rises
[ Radiotheranostic Pydilotomab dramatically
164 satetraxetan ! 1:
ActimabA ! i
PSMA-617 ! :
1
TLX-591 : !
1 Sateoreotide " I
— | 1
TLX-101 , !
l"LU_ : :
edotreotide : !
. 1
' |

Revenue (US$ billion)
<o
1

PSMA-617
Apamistamab
225A¢c-PSMA-617 "’LU-
- - 1
UNMZR) dotatate Almost the
22JRa
4 same
trend or
Slight
increase

2013 2016 2018 2020 2021 2023 2024 2025

2015 2017 2019 2022

Year

Herrmann K, Schwaiger M, Lewis JS, Solomon SB, McNeil BJ, Baumann M, Gambhir SS, Hricak H, Weissleder R. Radiotheranostics: a roadmap for future
development. Lancet Oncol. 2020 Mar;21(3):e146-e156. Adapted with permission from Paul-Emmanuel Goethals and Richard Zimmermann (Nuclear
Medicine MEDraysintell Report & Directory, July 2019)



DOE Isotope Program Production Sites

Univ. of Washington
Supplier of research isotopes
(e.g., At-211)

INL
ATR Reactor:

Co-60 Stereotacticradiosurgery,
industrial NDA

Rad EMIS

()

PNNL

Sr-90 Y-90 generator for cancer therapy,

Univ. of Wisconsin

Supplier of research isotopes
(e.g., Mn-52)

ANL Accelerator (LEAF)

Cu-67 Targeted cancer therapy

I\

Michigan State Univ.

FRIB isotope harvesting
development

LANL

Accelerator (IPF):
Ac-225 Targeted cancer therapy

As-73 Environmental tracer
Si-32  Oceanographic research
Plutonium Facility (PF-4):
Am-241 OQil and gas exploration

Ti-44  Sc-44 generator for PET imaging
Cd-109 X-ray fluorescence analyses

Se-75, Lu-177)

Univ. of Missouri (MURR)

Supplier of research isotopes (e.g.,

~

L~

BNL

Accelerator (BLIP):

Ac-225 Targeted cancer therapy

Ti-44  Sc-44 generator for PET imaging
Y-86  PET imaging

Cu-67 Targeted cancer therapy

Cyclotron (TR-19)

>

Y-12 (NNSA Facility)

Li-6 Neutron detection
Li-7 Radiation dosimeters
ORNL
HFIR Reactor:

Ac-227 Cancer therapy
Se-75 Industrial NDA
Cf-252 Industrial sources
W-188 Cancer therapy
Radioisotopes Inventory:
Ac-225 Cancer therapy
Ra-223 Cancer therapy

Stable Isotopes
Inventory:

(e.g., Mn-52)

Univ. of Alabama Birmingham
Supplier of research isotopes

Duke University

Supplier of research
isotopes (e.g., At-211)

E.g., Ca-48, Ga-69, Rb-
87, Cl-37

Stable Isotope

Production:

SRNL (NNSA Tritium Facility)

He-3  Neutron detection
Fuel source for fusion reactors

Lung testing

ESIPP
SIPF
SIPRC
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P9'Mo/?°"Tc Production Shift

Highly Enriched U Research Reactors
and Air Transportation

From: L Jang, M, Yamamete, amd M, Ugsaka (2017), Phys, Rev, Accel, Beams 20, p. 104701
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Production facilities of
a-emitter 2tAtin Japan

@ 2""At production facilities (5 sites)
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Advanced Clinical Research Center(ACRC): An %At Manufacturing and
R&D site at Fukushima Medical University(FMU)

4,000
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Beam transport

MP-30 Cyclotron

Produced ?**!Atat EOB [MBq]

2017 20184F 20194 20205 20214

The MP-30 cyclotron and its irradiation system :P

)
1

Purpose of ACRC Establishment Our 211At R&D pipeline

« Established as a center for early diagnosis of various = Clinical trial using MABG (collaboration work with QST)
diseases using PET/M Rl and PET/CT Ukon et al. Ann Nucl Med 36, 695 (2022); EINMMI Physics 7, 58 (2020).
« Aims to improve the level of medical care and research = Development of pretargeting strategy using low immunogenic

.. . streptavidin scFv conjugate and improved iminobiotin
by establishing an environment that enables the derivatives ( collaboration work with UTokyo)

Monthly production of 211Atat FMU

translational research and clinical application Washiyama et al., J Nulc Med 61 (suppl1) 1212 (2020).
» Contribute to the healthcare of the Fukushima citizen = Development of 211At labeled Bombesin derivatives
by investigating and analyzing radioactive materialsin Aoki et al., Chem. Pharm. Bull. 68, 538-545 (2020).
the environment in collaboration with the Quantum = 2!1Atlabeled CXCR4 antibody for cancer stem cell targeted
Science and Technology Agency (QST). radionuclide therapy

Oriuchi et al., Sci Rep 10, 6810 (2020).

FUKUSHIMA .
@MEDICAL Advanced Clinical .

UNIVERSITY Research Center



225Ac Production by Research Fast Reactor, Joyo

Institute

Oarai R&D

@E@

iation rié‘

Type: Sodium-cooled fast reactor, loop type
Output: 100 MWt
Fuel: MOX (%>°U: 18 wt%, Pu: <30 wt%)

Capsule

Ide ——

=

(=0

cask car #

o
i~y

caskcar#2 |

Neutron Flux(n/cm?'s/Lethargy)

Max. flux: 4x10*°> n/cm?.s

A

4]

Joyo(Fuel region)

226Ra soli

10t 10° 10* 102 10°

Neutron Energy (eV)

(Core Height:50cm)

O InnerFuel S/A

Q© outer Fuel S/A

@ cControl Rod

QO Irradiation Test S/A

QO Reflector (Stainless Steel)
@ shielding S/A

@ Moderator S/A
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225Ac Yield by solid 22°Ra and Proton Cyclotron

QST and Nihon Medi+phisics

15.6 MeV proton on target

Ra-226 13.5MBg 35.4 MBq 37.5 MBq 19.8 MBq 23.6 MBq 66.2 MBq 83.0 MBq
Target prepared (366 pCi) (956 pCi) (1.01 mCi) (536 uCi) (639 uCi) (1.79 mCi) (2.24 mCi)
e-Plating efficiency 94% 97% 97% 98% 97% 69% 88%
Activation
(uAh) 20 UA'Bh S — — — 20 HA-b h — — - -
Ac-225 Yield 522 kBq 2.23 MBq 2.43 MBq 904 kBq 1.03 MBq 7.25 MBq 6.16 MBqg
(@EOS/ 4 d from EOB) (14 uCi) (60 LCi) (66 pCi) (24 uCi) (28 uCi) (196 puCi) (167 uCi)

e-Plated Ra-226 vs Ac-225 yield

250
<
-
& 200 PY —
3 7
2 -~ @
= 150 _
Q= 7
% “foo _
ie) v
(O]
= 50 /&
10 -
N ed y =0.1022x -31.986
& o
Ra-dedicated Vertical Electroplated Ra (1 mCi) 0 500 1000 1500 2000 2500

Target station * on conical Au surface ** Ra-226 prepared (uCi)

* Japanese Patented #6450211 (filed on Dec 14, 2018); ** Japanese Patent Application #2018-060672 (filed on Mar 27, 2018);
Nagatsu K, Eur J Nucl Med Mol Imaging (2021) 10.1007/s00259-021-05460-7
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35 MeV 35 kW S-band Electron Linac y-ray / Neutron

Sources for Production of 2°Mo/*°mTc and 225Ac

1. y-ray/ Neutron sources for Mo/*°™Tc from 1Mo / %Mo

P Mo/?°"Tc and Medicine Production Facility
Production Capacity is 100-200 Ci/week

[Related Facility]
Hot-cell., Hot-Labo.
Mo target Pb glass

Power
Cooling system

Shield wall 0

Maintenance
area

coolant
waste
-

Shield wall
Shield wall

Shield wall Linac

Mo(°°Mo) bn

' @ tank

m i
ﬁ Shield wall

Door

Mo target

llem p|aiys

t .(—
waste <

99mTc production capacity 100~200Ci/d

— ;
Shield wall Door Pb glass 929mTc

2. vy-raysources for 225Ac production from 225Ra target

~5 facilities in Japan
~100in the world
(expected)

University of Tokyo
(Nuclear Professional
School/Dept Nucl
&Eng/Bioeng Dept/
Isotope Sci Center)
Kyoto University
Hitachi Co.
AccutheraInc.
KAKEN

Similar scale
(expected)
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Action Plan for Promotion of Production and Utilization of Medical Radioisotopes (Outline)

Background 315t May, 2022 Atomic Energy Commission, Japan

N Expectations for =~ r MovementsandProblemsinJapan = ————— — |nternationalSituation
Radioisotope Thera . . . .
P Py * Restart of research reactors that can produce large Vast investment for radioisotope production and

amounts of radioisotopes (JRR-3,”Joyo”) R&D

* Increased focus on .
On the other hand, insufficient number of * Forming network of research reactorsand
accelerators

“theranostics” . o
(therapy + diagnosis) - Hospital beds for radioisotope therapy . o
Py + dlagnosl - Human resources who promote production and * Accelerated competition for acquisition of

utilization of radioisotopes radioisotopes and their raw materials

Developing the Action Plan that aims to provide domestic radioisotopes to patients
The Action Plan contributes to

-Improvement of people’s welfare by enhancing the medical system through cutting-edge nuclear science and technology
- Ensuring economic securityin terms of medical services

Goals to be Achieved during next decade
Establishment of a Stable Radioisotope Diagnostic Systemthrough partial domestic production of Mo-99/Tc-99m
@Implementation of Radioisotope Treatment Using Domestic Radioisotopes

®Dissemination of Radioisotope Treatment in Medical Setting
@Making Radioisotope-Related Fields, centered on Medicine, asa “Strength” of Japan

[ ]

(1)Promoting Initiatives for Domestic Production and Stable Supply of “Important Radioisotopes”

+Stablesupply of Mo-99/Tc-99m using JRR-3 andaccelerators
(Manufacturing approximately 30% of domestic demand by the end of FY2027 as far as possible, and supply to domestic)

- Strengthening R&D for mass production of Ac-225 using “Joyo” and accelerators  (Productiondemonstration by FY2026 with “Joyo”)
- Strengthening efforts to commercialize At-211 (Indicating usefulness as a pharmaceutical product by FY2028)

(2)Establishment of systems and structure to promote utilization ofradioisotopes in medical setting
* Establishment of hospital rooms for radioisotope treatment (Average number of months to waitfor radioisotope treatment: 3.8m (2018) ->2m (2030) )

* Preparation for commerecialization of new radiopharmaceuticals (Th-227, Ga-68)
(3)Promoting R&D Contributing to Domestic Production of Radioisotopes

*Technical developmentsupport for production by research reactors and accelerators
*Promotion of initiatives by the Fukushima International Research and Education Organization

* Establishment of systems of non-clinical studies of radiopharmaceuticals
(4)Strengthening Research Infrastructures, Human Resources,and Networks for Production and Utilization of Radioisotopes

* Strengthening Human Resources inthe Field of R&D and Medical Setting - Strengthening the Supply Chain in line with Domestic Production
* Study of Mechanisms for Waste Treatmentand Disposal 1 9




Japan’s Stance toward Radioisotope Production

(Tentative Translation)

Basic Policy on Economic and Fiscal Management and Reform 2022
[BADAEt] (Approved by the Cabinet on June 7, 2022)

Chapter 4 Medium-to long-term economic and financial management
5. Promoting education and research activities that support socioeconomic vitality

(omitting the beginning)
We will implement the "Sixth Science, Technology and Innovation Basic Plan" 162 and sector-specific

strategies!®3 to bring about a sustainable economy and society through public-private partnerships.
(omitting the beginning)

<FIR>

[162]Approved by the Cabinet on March 26, 2021

(163] AI, biotechnology, quantum technologies, materials, environmental energy, safety/security,
health/medical care, space, oceans, food/agriculture, forestry and fisheries are positioned as
strategically important fields in the "6th Science, Technology and Innovation Basic Plan". We will also

pursue efforts in accordance with "The Action Plan for Promotion of Production and Utilization
of Medical Radioisotopes ".

The following government documents also mention the promotion of "The Action Plan for Promotion of Production and
Utilization of Medical Radioisotopes " :

Grand Design and Action Plan for a New Form of Capitalism Follow-Upl#iL\\&A X | ( Approved by the Cabineton
June 7, 2022 )

Integrated Innovation Strategy 2022[#i&41/A—->3 k& ] ( Approved by the Cabinet on June 3, 2022 )
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Rays of Hope will integrate the breadth of the IAEA’'s expertise to

Rays Of Hope support Member States in the diagnosis and treatment of cancer using
: »CEDCEE care tn[ a" radiation medicine.

OVER 70% OF THE POPULATION OF AFRICA
DOES NOT HAVE ACCESS TO RADIOTHERAPY.

The Global Cancer Burden

2020 2040

Over 70% of cancer deaths occur in LMICs. P
Radiotherapy centre

&3 3 A >
- -5 - R . 2 "l
R -3 3 e IR
¢ '7. ‘ 1 »
s Syw g0
Population distribution “ o\ \4\ =
Darker blue represents higher . e y
population density, . o

Only 5% of global spending 8. o .3
on cancer goes to LMICs.

In Africa, over 700,000 people died of cancer in 2020.

“““““ i ore than ican countries have no
3133333333 T e e

IAEA "Rays of Hope" brochure https://www.iaea.org/sites/defauIt/ﬁles/22/02/rays-of-hope—v2.pgfl



Nuclear Medicine from Nuclear Waste

by University of Tokyo’s Group

o emitter 225A¢ for cancer
therapy from waste (226Ra)
at U-fuel production Solid or

Supply for

of 26Ra from U mining
waste

m==) Targets

[Related Facility]
Hot-cull, Hot-Labo,
Mo target 0 phave

Pavear
Cocling wy tem

Fuel Cycle Plant

*GSZn f 98,0000

N

v Emitter RIs(99Mo /99"Tc) for
cancer diagnosis from spent
fuel waste (Mo)

P / Fundamental
Liquid I . N ﬂ
Chemical extraction . 226Rq // \# esearc

Clinical Uses == ===’

99Mo/2°"Tc (SPECT),
100 B¥/year @JAPAN

67Cu (PET)
25p¢ (@)
(Theranotics=
Theraputic+Diagnosis)
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Best Mix of Supply

Energy

LEU Fast Reactor Electron
Proton Cyclotron
Research Reactor y Linear Accelerator 23
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Portable X-band (9.3 GHz) 950 keV Systenm
by University of Tokyo

X-ray Box

T ————r

According to the Japanese Law on radiation safety, an
electron beam source below 1 MeV is not defined as an
accelerator. Thus, we comply with_the Regulations on
radiation safety, which is ratherreasonable.

Thus, we use it any place by setting our self-designed
radiation controlled area.

Parameters of Accelerator

Operating frequency
RF source

RF Power

Width and number of repetitive of

pulse

Length of acceleration tube

Form of acceleration tube

Number of accelerating cell

Coupling between cells

Filling time

Shunt impedance

Beam current

Focusing fashion

Intensity of X-ray

Voltage of electron gun

Electron gun

9.3 [GHz]
Magnetron

250kW

2[us], 280[PPS]

25[cm]

Side coupled structure

Half1 + full8

3%

0.18us

110-130MQ/m Regular part

64mA or more

RF focusing

50[mGy/min] or more at 1[m]

20KV

Triode



On-site X-ray Inspection by 950 keV system
for PC (Prestressed Concrete) bridges of up to ~50 cm thickness

s 00PN
e 239 rARnEm
Fandst@

g e

R No grout

X-ray transmissionimages indicatereinforced ironrods and grout filling and not-filling
around the PC wires in the PC sheath clearly



Portable 3. 95MeV X-band |inac X-ray source
of University of Tokyo

m peeeteretn gtUbe s conte!

8 0 6 2
elerating

Weight (kg) (Collimat

Electron gun voltage

20KV Pulse width 4ps

Parameters

Beam curren it 100mA Repetition rate 200pms

RF power output15
MW

Amendment of the law that allows
use of accelerators below 4 MeV
accelerator for only for on-site bridge
inspection was implemented in Japan
in 2005. That is why we set its energy
3.95 MeV just below 4 MeV.

This machine can be also used as a
neutron source with 107 neutrons
/ sec by using a solid Be target



On-site X-ray Inspection by 3.95 MeV system

for PC (Prestressed Concrete) bridges of up to ~1 m thickness

. . the grout filling and not-filling status

- il Gray value image processing analysis to evaluate

Ry _ 326400

9880 5

More than 10 real bridges .
and one highway bridge B\
under the Japanese national —r A\
project




Formation of Technical Guideline for On-site X-ray Bridge Inspection

Visual and

hammering- % - " Repair and
sound -ray mspection reinforcement

inspections

S TR freees,
o B TOR TR Al--A2

We hope to apply this guidelines to all aged bridges soonin
Japan and finally in the world



Fighting with Rains and Salty Sea Breeze in Japan

Dedicated Car with Power Source

Japanese carefulness and endurance
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= <«<3 Trial retrieval of fuel debris at Unit 2 scheduled in the nearfuture

B Wewill insert an arm-type device through the same access route as the investigationin 2019.

B Ametal brush or vacuum container will be attached to the device to collect the grain debris
we observedin a touching investigation.

Isolation PCV

Vallve Guide pipe
p— e /
B I T
i X-6 pene :
Cable drum....... f
. - Tongs-like 5 )
Touching ' device
investigation  §

in Feb. 2019

X-6 penetration hole
Coupling structure
Enclosure

Arm (during storage)

m
éiruring retrieval &survey)
~~ CRD housing -
Pedestal

Trial retrieval
scheduled in
the near future
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Source: Materials for Meeting of Secretariat of the Team for Countermeasures for Decommissioning, Contaminated Water and Treated
Water held in Jan. 2019, Feb. 2019 & May 2022 provided by TEPCO HD & IRID

Ref) M. Ishikawa, “Fukushima Dai-ichi Nuclear Power Plant’s Decommissioning -Current Status and Challenges-”, Asian Youth Nuclear
Symposium 2022, July 10, 2022 in Remote.
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Proposal of Component Identification for Fuel Debris
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Schematic scenario of the screening process
by the prompt X-ray CT for mass-extraction of nuclear debris

\ 2
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Proof-of-principle X-ray CT Results
for Model Melt Nuclear Fuel Debris
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Downsizing of Accelerator and Nuclear Reactor
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The clean energy and water nexus. Dream big and let’s make these dreams reality.

We need dramatic change in our thinking and actions to reduce climate
change and reduce/eliminate reliance on energy sources that are not
clean.

Electricity use and electricity generation
per type of power 1970-2018, TV

Sweden has been decarbonized since the 1970s. Follow suit. Make this
a basis of the energy architecture.

The answer is the clean energy and water nexus. One disruptive
approachis the marriage of nuclear and particle accelerators - Small
modular reactors could power anindustrial complex or a small city and

all-electric decontamination schemes with particle accelerators could L L I
reduce emissions. e G e e

Figure 1: Evolution of Sweden's 1otal electricity energy generation in terawati-hour
We can create an electric ecosystemencapsulated in an industrial oAy o el powns, TG K 0 NG LUt BRSBTS
park/small city with the advancements in SMRs. neighbors (Swedish Energy Agency 2020)

We need disruptive policy changes to field these near-existing
technology solutions.

Adtaaron = Sl Meduty Peacion
Tockro gy Devoscominnm

Wk Example high-power, compact,
Computational resources, together with modern simulation and Al Example, NuScale, electron accelerator module for
software, can help make good energy sources better, predict better https://www.nuscalepower.com purifying waste streams.
materials,analyze experimental data,and optimize operation.
References: Robert Rosner & Sabrina Fields (2021) Is nuclear power sustainableina carbon-free world? The case of Sweden, Bulletin of the Atomic Scientists, 77:6, 295-300,
DOI:10.1080/00963402.2021.1989196
S.G. Biedron, M. Peters, R. Rosner, J. L. Sarrao, "Opportunity to Innovate" SEMICON West Sustainability Summit Breakout Track B: Business Ecosystem Building and
Collaboration, 13 July 2022, : i inability- i



https://www.semiconwest.org/programs/sustainability-summit

SUMMARY

 Downsizing of big accelerators enables portable
accelerators for a variety of applications.

 Medical Rl production is shifting to the bext mix of
accelerators and low enriched U research reactors.

 Portable X-ray and neutron sources are expected to
be applied to infrastructure maintenance and
nuclear power plant decommissioning.

 Proposal of smart city with micro-reactor and small
accelerators for zero-emission/contamination.

Thanks for the collaboration to KEK, JAEA,
JASRI/SPring-8, QST, MEXT, METI, MLIT, DOE, SLAC,

LANL, Element Aero and the Center for Bright Beams,
TRIUMF, JRC, etc.



