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IAEA Data Base of Accelerators

Selected applications of accelerators

Examples of combined
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International Topical Meeting on

Major Activities within Physics Section Nuclear Research Applications

and Utilization of Accelerators

Assistance and support of Member States in the field of

1. Accelerators
Research Reactors

Controlled Fusion

Nuclear Instrumentation

Cross-cutting Material Research

Based on Member States needs, requests & recommendations

 Planning & implementation of P&B activities International Conference on

- : 11—160ctober2010 & : ReSGarCh
Proposal and implementation of CRPs Dackeon s NS 3 Deactir®

Management of Data Bases : P Safe Management
s > " and Effective Utilization

Organization of Conferences, Technical & Consultancy Meetings

Organization of ICTP workshops, training schools and courses

Support of TC projects

Promotion of Nuclear Sciences, Applications and Technologies
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Topics addressed

Applications

* Simulation of radiation damage and testing of materials for
nuclear systems;

* Research and development of applications for advanced
materials;

* Different aspects of industrial accelerator applications;
* Interdisciplinary endeavours.

Accelerator technology
* Operation, instrumentation and control;
* New acceleration techniques;
* Research and development

Accelerator Driven Systems (ADS)
* [Innovative nuclear systems;
* ADS experiments and test facilities;
* Nuclear data.

* Topics dealing with purely radioisotope production or clinical
applications were not intended to be covered!

International Topical Meeting on
Nuclear Research Applications
and Utilization of Accelerators
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Historical background (>100 years!)

0 In 1911 Rutherford used energetic a-particles from Ra and Th sources to investigate
the inner structure of atoms. He demonstrated the existence of a positively-
charged nucleus with a diameter of <107 cm. Later in 1919, Rutherford also used
o-particles to produce the first artificial nuclear reaction,

a+N->O+p

0 The available intensity of the a-radiation from natural source was very weak and not
collimated. But these two experiments were of extreme importance and demonstrated
the demand for accelerators to supply high-intensity beams of charged particles with a
well defined energy. In 1927 Rutherford called on physicists to build accelerators with
sufficient energy to study nuclear reactions.

01In 1929, Robert Van de Graaff demonstrated a high voltage machine to accelerate
particles. This accelerating machine was developed further for use in "atom-smashing"
experiments.

It was quickly recognized that this accelerating machine had great potential for
developing industrial and medical applications. Now, more than eight decades later,
accelerators of many different designs have been developed.
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Historical background [l evolution

The first accelerators were built to accelerate protons and electrons only.

Today, it is possible to accelerate ions from all elements of the periodic
system and in many cases even as multi-charged ions. Furthermore, it
IS now possible to accelerate artificially produced positrons and

antiprotons.
This impressive development has been possible only by repeated use of
the following cycle:

New ldea — Improved Technology — Until Saturation

...and then again New Idea, etc. This pattern appears clearly
from a modified Livingston diagram
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Historical background

A modified Livingston
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* Eachline represents a new accelerator , ; . ; . i
1 1 1
technology 1930 1940 1950 960\(E ;s::o 1980 1990 2000

At the beginning of each technology the chart shows a rapid increase in the achievable
energy and then leveling off as that technology becomes fully exploited.

 Eachtechnology is supplanted in turn by a new one having a similar historical profile.
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Accelerators: a tool for nuclear research

BASIC RESEARCH CATEGORY NUMBER
lon implanters and ~ 7,000
Isctopa dating ) L )
Fusionstudies Heavy ij‘"‘:le therapy| surface modification
Muclear reactions .
\ SYNFHROTRON Radiotherapy ~ 5,000
MEDICAL W APPLICATION
Backscatiering Micromechonics
AN wareriaL vierostueiures| Accelerators in industry | ~ 1,500
) ANALYSIS y )
Cergmics SYNCHROTRON W~ Accelerators in non- ~ 1,000
Glosses Wetals RALTATION Froteomics
\ § nuclear research
1970 Rodioisotopa productio ) )
> Medical isotopes ~ 200
Semiconduciors CYCLOTROM d t
\ MEDICALRAPPLICATION proauction
IMPLANTAT ON Research in nuclear ~ 150
Radiatlon Therapy sClences
Palymermodification by &= beoms BETATRON / Synchrotron |Ight ~70
L1 LINAC sources
“-. ELECY 'OSTATIC
ELECTROM ACCELERATORS Hadrontherapy ~ 20
TOTAL | ~ 15,000

1930
NUCLEAR PHYSICS
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Accelerators: types

In direct current accelerators particles are accelerated by
applying a voltage difference, constant in time, with a value
that determines the final energy of the particle.

In linear accelerator particles are successively accelerated in a
large number of acceleration gaps between electrodes to
which a high frequency voltage is applied. The energy gain in
the gaps is a small fraction of the value of the final energy.

3. In cyclical accelerators magnets are used to return the particles
again and again to the same acceleration gaps. Such
accelerators are therefore in general more compact.
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Direct-current Accelerators

The principle of a DC accelerator is
shown in the figure. The voltage from
a high voltage generator is connected
to the accelerating tube, and the
particles are accelerated in one step
through the tube, which is
constructed as a long drift tube with a
number of electrodes along the axis
giving a more or less uniform field
distribution for acceleration

_-TON SOURCE
-~

_+ACCFLERATION

HIGA VOLTAGE
SUFPLY UNIT
ha

\ | n . ~RESISTOR

PARTICLE BEAM

~ TARGET
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The Tandem Accelerator

A tandem Van de Graaff machine accelerates negatively charged particles
towards a positively charged terminal. As the particle passes through the
terminal, electrons are removed from the particle with a stripper. This causes
the particle to become positively charged and is therefore accelerated away
from the positively charged terminal. The high voltage terminal is therefore
used to accelerate the ions twice (tandem).

11
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The Cyclotron Principle

An alternating voltage with a frequency equal to the orbital
frequency of the particles is applied between the dees

Acceleration with 'D'-electrodes

— A\\

electrode 2

time

VARVARVIRVA

Alternating Voltage
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Multipurpose cyclotron accelerator from IBA

extraction| E min E max / max
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Beam Transport Lines
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The Synchrotron principle

A linac can be used as an injector, and the massive magnet is
replaced by a ring of magnets. An RF system is used for
acceleration, and the magnetic field increases with energy in such a
way that the radius is kept constant during acceleration. Since the

magnetic field increases the frequency of the RF systems has to be
Increased simultaneously.

“Inyection

1
'
Y — ——Vacuum Chamber |
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HIT HEIDELBERG

i ‘ High Energy Beam Transport Line

™ Quality
oD Assurance

Treatment Places

GSl accelerator design First turn in the synchrotron Febr. 2007
Commissioning of the facility in progress

Jean-Michel Lagniel Hadrontherapy in Europe PAC-07 ABQ June 2007
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Synchrotron Light Source

3 GeV Storage Ring

\ Full Energy

Booster
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S-Band Linac
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25m-long Undulator

SPring-8 Standard Undulator__. ' »
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Soft X-ray Undulator

X-Ray Tube
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17
Contact: D.Ridikas@iaea.org




IAEA Accelerator Data Base

» Physics Section Home Accelerators Spallation Neutron Sources Synchrotron Light Sources
Database

Foreword (Home)

Accelerators - ' Home Accelerators Spallation Neutron Sources  Synchrotron Light Sources

Spallation Neutron 1 A . 2 i B

fa Foreword 53 ] |- i = =

i g8
Sources The Database of Ion Beam, Spallation Neutron

4 : " Centre de Recherche Nucleaire X X
""""""""""""""""""""" Sources and Synchrotron Light Sources in the World 1 Algeria d'alger Algiers Single-ended Van de Graaff 3.75 MV

........................................ contains technical information on accelerator-based

radiation facilities used for applied research and T E:,m'?"’” Nacional de Energia i_“e”os EN-FN-MP-UD 20UD 50 MV
4 ¢ . omica res
analytical services in IAEA Member States. The
database is compiled using information publicly 3 Australia University of Melbourne Melbourne  Single-ended 35U 5 MV
available from IAEA databases, research institutes in 4 Australia Australian National University Canberra EN-FN-MP-UD  14UD 14 MV
Member States and accelerator manufacturers. The
5 Australia Australian National University Canberra Pelletron 55DH-4 1.7 MV

IAEA makes no warranties, either express or implied,
concerning the accuracy, completeness, reliability, or
suitability of the information.

. Australian Nuclear Science and
6 Australia — Sydney EN-FN-MP-UD FN 8 MV
Technology Organisation

Australian Nuclear Science and
7 Australia Sydney Tandetron 2 My

The database organises the accelerator-based Technology Organisation

radiation facilities into three categories: low-energy
electrostatic (ion beam) accelerators, spallation
neutron sources and synchrotron light sources.
Included are geographical maps of the global
distribution of these facilities and as well as individual
entries in Member States.

8 Australia Australian National University Canberra Pelletron 5SDH 1.7 MV

2 VERA - Vienna Environmental :
9 Austria Vienna Pelletron 9SDH-2 3 MV
Research Accelerator

insulated
[s

400kV

de Graaff 3 MV

r e
_. ‘fM&E
A TSRS

ik W R

Accelerators:

Spallation n-source 9 w

Qceania
k. /}

Light synchrotrons: 38

N\

4 )‘{), I AE A http://www-naweb.iaea.org/napc/physics/accelerators/database/datasets/foreword _home.html
2
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Industrial applications of accelerators (1)

Industrial processes using electrons

Industries

Processes

Products

Chemical

Petrochemical

Electrical

Coatings adhesives

Plastics

Polymers

Rubber

Cross-linking

Depolymerization
Grafting
Polymerization

Cross-linking
Heat shrink memory
Semiconductor modification

Curing
Grafting
Polymerization

Cross-linking
Foaming

Heat shrink memory
Vulcanization

Green strength
Graded cure

Polyethylene

Polypropylene
Co-polymers
Lubricants

Building

[nstruments

Telephone wires, power cables,
insulating tapes, shielded cable
splices, Zener diodes, ICs, SCRs

Adhesive tapes

Coated paper products
Wood/plastic composites,
veneered panels, thermal barriers

Food shrink wrap

Plastic tubing and pipes
Moulded packaging forms
Tyre components
Battery separators
Roofing membrane

19
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Industrial applications of accelerators (2)

e Sterilization & disinfection

Radiation effect

Dose requirements

Radiography (film)

Human lethal dose (LDso)

Sprout inhibition (potatoes, onions)
Potable water cleanup

Insect control (grains, fruits)
Waste water disinfecting

Fungi and mould control

Food spoilage bacteria

Municipal sludge disinfecting
Bacterial spore sterilization

Virus particle sterilization

Smoke scrubbing (SO2 and NO.,)
Ageing of rayon pulp
Polymerization of monomers
Modification of polymers
Degradation of cellulose materials
Degradation of scrap Teflon®

1.0-10.0 mGy (0.1-1.0rad)
0.4-0.5CGy (400-500rad)
100-200 Gy (10-20 krad)
250-500 Gy (25-50 krad)
250-500 Gy (25-50 krad)
0.5-1kGy (50-100 krad)
1-3kGy (100-300 krad)
1-3kGy (100-300 krad)
3-10 kGy (300-100 krad)
10-30 kGy (1-3 Mrad)
1-30kGy (1-3 Mrad)
10-30kGy (1-3 Mrad)
10-30kGy (1-3 Mrad)
10-50kGy (1-5Mrad)
50-250kGy (5-25 Mrad)
100-500 kGy (10-50 Mrad)
0.5-1.5 MGy (50-150 Mrad)
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Industrial applications of accelerators (3)

Radiation damage studies (materials + electronics)

lon implantation in semiconductor manufacture

Surface hardening with ions

Precision machining and membrane manufacture

Positron Emission Tomography

21
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Research applications of accelerators

High energy physics

Nuclear physics

Astrophysics

Material analysis with particle beams

e Rutherford Backscattering

e Particle Induced X-Ray Emission (PIXE)

* Nuclear Reaction Analysis
Elastic recoil detection
Charged particle activation analysis
Accelerator Mass Spectrometry
Extended X-ray absorption of fine structure

22
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Radioactive lon Beam (RIB) production

3-spoke ISCL Elliptical ISCL
176MHz 325 MHz 704 MHz

p of several
get stations

1.5 MaViu 60 MeViq 140 MeViq H-, H+,
H+, D+, 5200 MeVliq  He+ Stable Nuclei
*He++ D+, Alg=2 - -
* i Mg Known Radioi sotope

lon
*
sources Low-résolution Radioisotope found at RIKEN

mass-séfector Expected Radioisotopes at RIBF
.
.

—b Proton Number

A possible schematic ;
layout g
Secondary far a EURISOL faaln‘y :

Fragmentatio __.....eessss™ttrrmsseseeen

Nt Spoke 8HWRs  3QWRs QWR - Nuclear structure

s
-t

. dfget ISCL ISCL ISCL  ISCL Buncﬁng Charge

264 MHz 176 MHz ssMHz 88 RFQ S o Astrophysics
= Charge o resufutwn.'

breeder — "Ny-se Nuclear drip-line, skins and halos

Drip-line

Superheavy elements

S (for 1328n)

To high-energy l l To low-energy areas”
experimental areas
To medium-energy experimental areas
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ﬁ Example: iThemba LABS & the NRF

iThemba L(aboratory) for A(ccelerator)-B(ased) S(ciences) is a multi-disciplinary
research centre, operated by the NRF (National Research Foundation). It
provides accelerator and ancillary facilities for:

Production of radioisotopes and radiopharmaceuticals for use in nuclear
medicine, research and industry and related research

Treatment of cancer patients with energetic neutrons and protons, including
related research

Research and training in the physical, biomedical and material sciences

24
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Separated-Sector Cyclotron Facility

Polarized jon source SSC larget vaults SPECtiometer

beam
SWinger
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B EA M S C H E D U [_ E © Neutron Therapy

© Proton Therapy

© Energy Change

© Isotope Production

—

Time of day
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Beams delivered at iThemba LABS

Some beams atiThemba LABS

Element Energy range MeV

11.5

. 227
25
55
58
75
73
70

500 Example:

®

400 66 MeV Proton Beam
82

100 Beam current on target: 250 pA

73
_ 1;2 Transmission efficiency through the SSC: 99.8%
125

349

150
12

250
280
280
530
462
127 730
129 790
136 750

1
11
12
13
14
16
18
20
22
27
28
37
40
64
84

| Element
]
| B
]
| O
| O
| Ne
| Ne
| AL
| Si
| Cl
I
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Radioisotope production station & auxiliary facilities
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Radiopharmaceuticals currently in routine production

Radionuclide

Half-Life
(hours)

Nuclear Reaction

Radiopharmaceutical
Product

Main Use

18F

1.83

%0 (p,n)"°F

8F.FDG

Glucose metabolic
studies

BTGa

78.3

Zn(p,xn)*’Ga
Ge(p,x)°’Ga

’Ga-citrate

Localization of
certain tumours and
inflammatory
regions

Kr(p,xn)®*'Rb

8IRbA'"™Kr generator

Lung ventilation
studies

127l(p,5n)123xe N 123|

'2|.sodium iodide
2LmIBG

Thyroid studies

Localization of
certain tumours
such as
neuroblastoma,
pheochromocytoma
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Radiopharmaceuticals currently in routine production

Radionuclide Half-Life |Nuclear Reaction Product Main Use
CEVENCELD)
25 days Rb(p,xn)®’Sr Produced as a Used to
radionuclide manufacture
%25r/°2Rb
generators

271 days Ga(p,xn)*®Ge Produced as a Used to
radionuclide manufacture
*%Gel*’Ga
generators or used
for calibration of
gamma camera’s
or PETCT
scanners

106.6 days Produced as a Non —medical
radionuclide application
453 days Produced as a Non-medical
radionuclide application

2.602 years Produced as a Positron
radionuclide Annihilation
Studies
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Neutron or proton therapy
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Depth dose curves for different treatment modalities

) p(66)/Be NEUTRONS
100 3 SSD = 150 cm

/

30

60 . 8 MV X-RAYS

\ SSD =100 cm

| \ * 20 MeV
,ELECTRONS
40 B Ir-192 Source 1

™~

200 MeV PROTONS

~

10 15 20
DEPTH IN WATER (cm)

yOa JAILV13Y
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Basic Research and Development

The k=600 Magnetic Spectrometer and

Si+Nal detectors for charged particles
= Gamma ray spectrometers

for decay or prompt gammas

Contact: D.Ridikas@iaea.org




Neutron production: RRs or Accelerators?

Reactors have reached the limit at which heat can be removed from the core
Pulsed sources have not yet reached that limit and hold out the promise of higher
intensities

SNS
SNS , BT ESS

HFIR ILL
MTR NRU ISis

HFBR KENS LANSCE
ZING-P' IPNS SINQ-II
Tohoku Linac SINQ

ZING-P

CpP-2

Berkeley 37-inch CP-1 )

cyclotron Next-generation sources
Fission reactors
Particle driven (steady-state)
0.35mCi Ra-Be source Particle driven (pulsed)
trendline reactors
trendline pulsed sources
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1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

Research Reactor of 1MW:
~3x10%%fissions/s 0 ~0.8x10’n/s

Spallation Neutron Source of 1MW:

(1GeV;1mA;protons)~25n/p * 6.25x10%p/s 1~1.6x10%"n/s
¢y \
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%

Contact: D.Ridikas@iaea.org




Joint Project of KEK (High Energy Accelerator Research
Organlzatlon) and JAEA (Japan Atomic Energy Agency)

Materials and Life Science
Experlmental Faclllty (Neutron & Muon)

Nuclar -
Transmutation

S Neutrino to
{ Kamiokande B&TC*

’ o
= SR

= Y

b N
— Fo |
AT -
¥y -

3 GeV Synchrotron gl 50 GeV Synchrotron |B
(25 Hz, 1MW) (0.75 MW)

!

@ Tokai, |Ibaraki
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Neutron Instruments (Beamlines)

18 bemlines have been working or budgeted, of the 23 available ports

FUNDED

BL-09 Powder Diffractometer

NEDO(Kyoto Univ.)

5 Super High Resolution Powder
BL-08 Diffractometer

BL-10 NeutrOn Beam-line for
Observation & Research Use

UNDER CONSTRUCTION

BL-11 High Pressure Neutron Diffractometer

In operation:

On-beam commissioning:
Under construction:
Funded:

COMMISSIONING

BL-05 Neutron Optics and Fundamental Physics

BL-04 Neutron-Neucleus Reaction Instrument

BL-03 IBARAKI Biological Crystal Diffractometer

UNDER CONSTRUCTION

COMMISSIONING

D1 D1 Beamline

COMMISSIONING

D2 D2 Beamline

BL-14 Cold-Neutron Disk-Chopper Spectrometer

UNDER CONSTRUCTION

gL1s omaller-Angle Neutron Scattering
Instrument
) FUNDED /
BL-17 Reflectometer with Vertica
* Sample Geometry

BL-02 Biomolecular Dynamics Spectrometer

BL-01 4D Space Access Neutron Spectrometer

= s
o™y
x o N

| ]
— COMMISSIONING o

~ BL-21 High Intensity Total Diffractometer

BL-19 Engineering Materials Diffractometer

High-Performance Neutron Reflectometer

BL-16 with a Horizontal Sample Geometry

BL-18 Single Crystal Diffractometer
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Combined applications of RRs and Accelerators:
ADS MYRRHA project in Belgium

Purpose:
Prototype fast neutron ADS

Demo for nuclear waste transmutation

Reactor

* subcritical mode (50-100 MWth)
» critical mode (~100 MWth)

Fast & intense neutron source for Accelerator
(600 MeV — 4 mA proton)
Rl production

Si doping
Materials/fuel studies

Gen |V studies

R&D Spallation source

E&T ‘
éIMuItipurpose

flexible Fast

irradiation neutron ==l j
source

facility adBian oih

coolant
J

IGORR Conference, September, Knoxville, US B —
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Combined applications of RRs and Accelerators:
Production of Super Heavy Elements

sponbanseous Fesion

Stable '‘Mountains
Lead - Uranium

sland of Stability
superheavy sphencal nucle

Meutron Number, N

Fuel change-out at the
High Flux Isotope Reactor (ORNL)

£
sl
=2
i
o
£
a
£
2

Proton Number, I

Cresforrmescd Muchsi

Number of atoms
Laborato Reaction synthesized to date

JINR, Russia'  48Ca — 2% Py (ORNL) 50 atoms
113 JINR, Russia’  Decay product of element 115 8 atoms
115 JINR, Russia!  4Ca — 283 Am (ORNL) 30 atoms
16 JINR, Russia'  4Ca — 28 Gm (RIAR/ORNL) 30 atoms
118 JINR, Russia’  “8Ca — 2% Gf (ORNL) 3 -4 atoms
"7 JINR, Russia?  4Ca — 249 Bk (ORNL) 6 atoms

N/ °V
ANE IAEA  oource: ORNL (USA)




Generations of Nuclear Reactors

Generation |V

Generation Ill+ Revolutionary

i . Y

Evolutionary Designs

Generation lll

Generation | [

Advanced LWRs

Generation |

Il Commercial Power

Early Prototypes

r

- Safe
- Sustainable
- Economical

- ACR1000 - :
- CANDU 6 - Proliferation

- AP1000 :
— PWRs - System 80+ Resistant and

- APWR Physically
- BWRs - APB00 Secure

- Shipplngport

- - EPR
Dresden - CANDU

1950 1960 1970 1980 2000 2010 2020 2030

http:/iwww.gen-4.org/Technology/evolution.htm
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Material development in nuclear industry

Selection = Characterisation g Qualification

1200

1000

800

fusion

600 | . '
L V alloy, ODS steel
F/M stéel

Temperature (C)

400 | ;= |

\ Current (Gen II) fission reactors

| ITER fusion reactor
T T 00 150 2000 250

S.J. Zinkle OECD NEA Workshop on Structural
DISp'HCElTlent Damage (dpa) Materials for Innovative Nuclear Energy Systems,

Karisruhe, Germany, June 2007, in press
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International Fusion Material Irradiation Facility (IFMIF)

njtf,; iy

Source Byl RFQ Iyl X 1 nn
140mAD* |1 HXHX{ )L ]{ ﬂrm

5 MeV 14.5 26 40MeV

mﬂﬂ ﬂ ﬂ ﬂ ﬂ ﬂ ;;:Tsﬁ’zf’:; High (>20dpa/y, 0.51)

Medium  (>1 dpa/y, 6 L)
Low (<1 dpa/y, > 8L)

RF Power System

Neutron Spectra in Nuclear Facilities
Per Unit Lethargy

T — _ TRIGA T T T T T

--- IFMIF

A Typical reactions

S VA Li(d,2n)7Be
i 6Li(d,n)’Be
6Li(n,T)*He

Spectrum (1/u)

10 10
Energy (eV)
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