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A Particle Accelerator as A Tool Probe
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In5aaLssounnA (particle accelerator)
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Particles accelerators : different shapes, different sizes and different applications

Electron Microscope Large Hadron Collider (LHC) @ CERN
(with a length of meter scale) (27 km circumference)

3-miles Stanford Linear Accelerator
Laboratory (SLAC), USA
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RF linear accelerator
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(G. Hoffstaetter, USPAS, June 2010)



1. urasnitnaunaddse] (Charged Particle Source)
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2. szuusy (Accelerating system)
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3. sruuAyAaN (Power supply system)
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4. szuuudiian (Magnet system)
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5. Target, Insertion devices, Detector
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X-ray target
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Undulator radiation

Detector
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6. sxuvudasuaunn@ (Vacuum system)
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duasusurnne (Vacuum pump) udadlu 3 2

.

Frannuiiugaymamng

ANUAUDY U9 103-10°

torr

N uganege
4

U
Qv

(high vacuum) NUANUAY

D

98 11929 10°-10” torr
F9nuduganAge
1N (ultrahigh vacuum W30
UHV) fifinnusudin
10 torr

Turbo molecular

pump

A

=

-
e

g
Sputterion pump ™

Cryogenic pump

12



7. szuumuad (Control System)
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Types of Particle Accelerator

1. Electrostatic field-based accelerators: direct voltage (DC), pulsed voltage
®  Cathode ray tube (late 1800s)

®  Van-de-Graff (~1929-1930)

®  Cockeroft Walton (1932)

2. Resonant accelerators: time varying field-based accelerators)
®  Linear accelerator (linac) - Ising (1924) & Wideroe (1928)
Cyclotron — Lowrence (1930)

®  Synchrotron - Oliphant (1943)

u Synchrotron & Betatron — McMillan (1943)

®  Alvarez linac — McMillan (1946)

®  Strong focusing — Courant & Snyder (1952)
3. Other types of accelerator:

e.g. linear induction accelerator, transformer accelerator, plasma-laser acceleration
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1. Electrostatic Field-based Accelerators
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Lﬂ%@ﬂlﬁ'ﬂlwu 1213 ﬂiTWﬂ
(Van de GraafY)

~1929-1930 Robert Van de Graaff
developed the first 1.5 MV high voltage

electrostatic accelerator

transport belt

Rl

corona discharge corona

charging

'l/ 20-30kV
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[ particle source

 accelerating

| | o |

electrodes

- |

™~ beam

L gy

[ target
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Tamdam accelerators use the high
voltage generated by two Van-de-

Graaff accelerators (one +, one -) to

accelerate charged ions

gas stripper

X

/ magnet

charge exchange

ion source

§ high voltage
supply
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In 1932 J. D. Cockcrof and
™ E.T.S. Walton developed the first

d' Y J Y
!ﬂﬁﬂﬂ!ﬁﬂﬂ@ﬂﬂﬁﬂwﬂ-ﬂi’)ﬁﬂu

(Cockcroft-Walton accelerator)
700 keV cascade generator

Greinacker circuit

fransformer

(G. Hoffstaetter, USPAS, June 2010)



Types of Particle Accelerator

1. Electrostatic field-based accelerators: direct voltage (DC), pulsed voltage
®  Cathode ray tube (late 1800s)

®  Van-de-Graff (~1929-1930)

®  Cockeroft Walton (1932)

2. Resonant accelerators: time varying field-based accelerators)
®  Linear accelerator (linac) - Ising (1924) & Wideroe (1928)
Cyclotron — Lowrence (1930)

®  Synchrotron - Oliphant (1943)

u Synchrotron & Betatron — McMillan (1943)

®  Alvarez linac — McMillan (1946)

®  Strong focusing — Courant & Snyder (1952)

3. Other types of accelerator:

e.g. linear induction accelerator, transformer accelerator, plasma-laser acceleration



2. Resonant Accelerators: Time Varying Field-based Accelerators

Development of compact linacs by e.g. Varian, Siemens, GE, Philipps and others

Particles must have the correct phase

relative to the accelerating voltage

Accelerating field

E, =E,, cos(at)

1930 Invention of the first linear accelerator (linac) by Rolf Wideroe
1949 Invention of the first linac for therapy in England by Newberry
1950s
source drift tubes
\.I,_I?.A.L . |\ I L.,

1| 2] 3 ‘ 4 ‘ 7 i i+1

152 B - D N S NN ¢ e
non-relativistic:
RF generator @

[tiowrard
the right]

Electric
Field

[toward
the [eft)

Wideroe linac (1930)

+ beshvired fhas bunch

Aiﬂve particles

0

—p amount of energy boost

Position

ahaad

behind

Negative particles

. \%!!:
R

wemtme,  on fime
m——

Accelerating voltage

V. :JES(s,t)dS

Energy gain

W =qV =q j E e'“*)ds

(G. Hoffstaetter, USPAS, June 2010)
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Radio-frequency (RF) Linear Accelerators

Normal conducting linac Superconducting linac

Niobium Superconducting Cavities
1.3 GHz 9-Cell ILC/TESLA

N,

Nk

SYesfrcmainc.con

- G

1 inch (approx.)

(G. Hoffstaetter, USPAS, June 2010)
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Examples of Resonant Accelerators: RF Linacs

Lﬂ%m'qeumm%uﬁuﬁ Stanford Linear

Accelerator Laboratory (SLAC) Useing
[y} a : d
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Y
=R <N

1 ag Y
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European X-ray Free-Electron Laser (European XFEL)

~ 1T A ~ Y
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U
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Examples of Resonant Accelerators: Cyclotron

(G. Hoffstaetter, USPAS, June 2010)
E. O. Lawrence

&

M S. Livingston

First Medical
Applications (1939)

®1930: Lawrence proposed the Cyclotron
®1932: Lawrence and Livingston used a cyclotron for 1.25 MeV protons

®1939: Lawrence used the cyclotron in the first tests of tumor therapy with neutrons via a process

’D+3T — ;He+n
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Examples of Resonant Accelerators: Microtron

® Electrons are quickly relativistic and cannot be accelerated in a cyclotron.
® In a microtron, trajectory length increases to gain the extra time that each turn
takes must be a multiple of the RF period

® Today: microtrons are used for medical applications with one magnet and 20 MeV

. ) magnetic shield for beam extraction
bending magnet bending magnet
ejection magnet
—t ] _

|
D
u=

4—/_ mj eCtion acceleratin
: g electron
to expenment . magnet cavity =~ source
focusing ~ electron gun
magnets accelerating

enerator .
RF g section (G. Hoffstaetter, USPAS, June 2010)
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Examples of Resonant Accelerators: Synchrotron

® 1945: Veksler (UDSSR) and
McMillan (USA) invented the
synchrotron

® 1946: Goward and Barnes
built the first synchrotron
(using a betatron magnet)

® 1949: Wilson et al. at Cornell
were the first team to store
beam in a synchrotron

1949: McMillan built a 320

MeV electron synchrotron

acceleljating _tk
cavity §\\
o) EERE TS \“%
& /’—-' I % &) & \ bendmg
/ ©l ' magnet
% klystron

4y generator

1 injecti
ji— myection magnet ejection magnet focusing
“\\. 5-8-8 - megner
LINAC electron gun \\'
K‘. klystron } )
B generator S
| R Che 3@)
\ / B,
>

(G. Hoffstaetter, USPAS, June 2010)



Types of Particle Accelerator

1. Electrostatic field-based accelerators: direct voltage (DC), pulsed voltage
®  Cathode ray tube (late 1800s)

®  Van-de-Graff (~1929-1930)

®  Cockeroft Walton (1932)

2. Resonant accelerators: time varying field-based accelerators)

®  Linear accelerator (linac) - Ising (1924) & Wideroe (1928)

Cyclotron — Lowrence (1930)

®  Synchrotron - Oliphant (1943)

u Synchrotron & Betatron — McMillan (1943)

®  Alvarez linac — McMillan (1946)

®  Strong focusing — Courant & Snyder (1952)

3. Other types of accelerator:

e.g. linear induction accelerator, transformer accelerator, plasma-laser acceleration




Examples: Betatron

Transformer accelerator e.g. betatron

® 1924: Wideroe invented the betatron

® 1940: Kerst and Serber built a betatron for 2.3 MeV electrons

Betatron:

R=const, B=B(t)
Whereas for a cyclotron:
R(t), B=const

No acceleration section is
needed since

E-d§=-£ % B-da

main coil correctmT coil iron yoke

N SIEMENS

e e - —————

—_—_————— - ———————

vacuum chamber beam

(G. Hoffstaetter, USPAS, June 2010)
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Examples: Spallation Neutron Sources (SNS)

® Today: 1 GeV proton accelerator with an average current of 1 mA giving the power of

1.4 MW 1n 0.7 microsecond burst

= e oW g Klystron Building v~ .
Central Helilmp \\s/ e s B ~=
Liquefaction “ — :
s

— Linac Tunnel
Building

A n * T
'\',_:, \Q::) W/ Ring \\ .~
Radio-Frequency ’ «w S | e .

Facility = y

Support

for

hase
Materials

: ‘ Sciences

Central Laboratory . : G s
and Office Complex ’ ‘ > ' Nariop

Joint Institute for
Neutron Sciences

Spallation Neutron Source (SNS) site at Oak Ridge National Laboratory

(A. Sessler and E. Wilson, Engines of Discovery: A Century of Particle Accelerators)
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Examples: Laser-plasma acceleration (LWA)

1 30 September 2004 International weekly journal of science
| I
I

| B e
£10.00

www.nature.com/nature

Dream beam

The dawn of

A

Disease control
. Europe plays
catch-up

' The Earth’s hum

Sounds of air
| and sea

technology feature RNA interference

(Credit: J. Benlliure)

mpact partigle accelerators

W

Protein folding
Escape from
the ribosome

Hum _3ncestry
One from all and
all from one

l“llnl l'l]l i
770028 HII

highlights

Dream beam

Good news for physicists — particle accelerators
are set to become much cheaper and smaller.
Using ultrashort and ultra-intense lasers to
generate extreme electric fields in plasmas, three
groups have been able to produce high quality
electron beams. These relativistic beams will have
many applications, compact table-top particle
accelerators included. The cover simulation (from
Geddes et al., p. 538) shows a plasma density
variation driven by the radiation pressure of a
laser pulse guided by a preformed plasma

Electrons .
hangtenon " =
laser wake

Thomas Katsouleas

Electrons can be
accelerated by making
them surf a laser-driven
plasma wave. High
acceleration rates,

and now the production
of well-populated,
high-quality beams,
signal the potential of
this table-top technology.

Nnature 30 September 2004



Motivation for Developing Plasma Acceleration

 Why novel accelerators? — we are already very good in accelerator technology!

« Conventional accelerators work well but they are very large

HERA 27.5 GeV 6 km length
SLAC (SLC linac) 50 GeV 3.2 km length
European XFEL (linac) 17.5 GeV 2.1 km length

« Conventional accelerator cavities: about 100 MVV/m

} 1000x

» Possible with plasma acceleration: larger than 100 GV/m !l
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Plasma Acceleration: Basic Principle

« Beam driven

_ Focusing (E)
Defocusing Accelerating -~ Decelerating (£,) o
v Relativistic
- #_i-i'é; i-.‘*rf- 3 T A mFE T o E'emﬁm
_—37++++-a_-1#+++r’+_1-_1+ unc
=_F + + + + 7 —'ﬁl—w+_-l:+ + In Neutral
= o T TR e A Plasma
e -Drive Bunch
Courtesy: e-Withess Bunch
Patric Muggli
Neutral
Plasma

Laser driven

N [10  t/em |
e

Typical length scale:
Plasma wavelength

Plasma
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* LWA Requires laser peak power on the order of P ~1012 W

Strekhcv
Ordinary (fast)
Stretched pulse _
2 : ‘ Fs oscillator
& Flectric /!f'/r[' i Phase modulated pulse P i p—
i
clrow Bles A

| - _— 7

. Extraordinary (slow) i@ -~ I,
A, Laser Pulse g ‘ A i — \ I
\\\ 7 NS g Phase I e » gw /f \ *'1 :
) b e C N .- S— SRSI ontro P, \ :

Py : 1VZAN:

p \ : (. - - Wavdmg!h (m)

¢ ”

i B A i
Electron number density n_Q @

Intersity (art units)

Time (fs)

Qe SN < o
WM oN e - o
Concave Electron energy (GeV)

mirror (f=6m) uanex2 LANEX3

Gas cell
(p=1.4x10"%cm™)

From: Kim et al.. DOI:10.1038/s41598-017-09267-1

F Albert et al (2014), Plasma Phys. Control. Fusion 56, 084015 392
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Particle Accelerators Worldwide

0.5 0.7

(total 100%)

B Nuclear and particle physics researches

B Non-nuclear researches

¥ Industrial applications

B Medical and biomedical applications

m Synchrotron light sources
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Accelerators in Medical and Industrial Applications

Total ~26,000 units

B Radiotherapy
B lon Implanters

[ Industrial Processing
B Biomedical Research
[ I Radioisotope Production

41%

2%
4%

9%
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Large Linear Accelerators (Linacs) for High Energy Physics

1N30UTIOUNAFUFUN Stanford Linear Accelerator Laboratory (SLAC) 152 inAanigomsn
& Jd 1T adg ~ % 3
AN 3 lua uaza o oanasou IRINAIIUGIUIUDS 10 GeV
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Synchrotron Accelerators for High Energy Physics: Colliders

- e+ accelerating cavity

bending magnet C \
fOCllSiDg =3HEIERE == ’ = B
magnet N [é] _____ W~ [ I

/ RF generator / RF generator \

/- interaction point %

il |

Ilil pulsed pulsed i1

.'.. injection magnet injection magnet "‘

l/ \\ | /\\
e particle detector e
§ RF generator \ RF generator
N 2 ) @ /
€ - injection 'Q_‘_, = st e /—Bae———- ,,L, a2 ° e injection

focusing magnets

1961: First storage ring for electrons and positrons (AdA) in Frascati for 250 MeV

1972: SPEAR electron positron collider at 4GeV for study of quark model and quantum
chromodynamics
u 1979: 5GeV electron positron collider (CESR)

®  Today: 14 TeV Large Hadron Collider (LHC) at CERN
(G. Hoffstaetter, USPAS, June 2010) 38



LHC @ CERN




International Linear Collider (ILC)

www.linearcollider.org e

It is initially planned to have a collision
Energy of 500 GeV, with the possibility
for a later upgrade to 1000 GeV (1 TeV).

(A. Sessler and E. Wilson, Engines of Discovery: A Century of Particle Accelerators)
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Accelerators for High Energy Physics — Accelerator-based Light Sources

HERA @ DESY, Germany Tevatron accelerator @ Fermilab, USA
End: June 30, 2007 after 15 years of operation End: September 30, 2011 after 20 years of operation

Several accelerators for high energy physics have been stopped or conversed to be the accelerator-

based light sources
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Electromagnetic Waves and Applications

Wireless Data —
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Accelerator-based Light Sources

energy in the shape of electromagnetic waves.

A charged particle when accelerated radiates g’ [ dp | ]
o— }/- .
(synchrotron radiation)

The LCLS
(Linac Coherent Light Source)

3
|

Brightness (photons / sec / mm2 / mrad?/0.1% BW)

EE SRR EE RS

34333333

ESRF- France

Modern light sources are accelerators optimized for the production of electromagnetic

waves from the far-IR to the hard x-rays.
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Main Components of Synchrotron Light Source
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Generation of Synchrotron Radiation

Diople bending magnet

Storage Ring

Multiple Undulator or Wiggler

15t Generation (1970s): HEP rings are used for x-ray production

2"d Generation (1980s): Radiation from dipole bending magnet

34 Generation (1990s): Radiation from wigglers and undulator magnets
4t Generation (today): Free Electron Lasers (FELSs)

Y Y VYV VY
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Synchrotron Light Source Worldwide

Diople bending magnet

Multiple Undulator or Wiggler

Shanghailight source (China)

Australia light source (Australia)

APS (USA)
' Brazilian Synchrotron
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Siam Photon Source (SPS) @ SLRI

http://www.slri.or.th

SPS storage ring specifications

Parameter Value
Energy 1.2 GeV
Stored current 150 mA
Emittance 41 nm-rad
Lifetime @ 100 mA 12 hours
Circumference 813 m
Injection energy 1.0 GeV
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What is Synchrotron Radiation?

Synchrotron Radiation is an electromagnetic radiation, which is
emitted when charged particles travel in curved path.

./\/\/\/\"— broadband, intense, collimated

Circulating beam ::>

49



Characteristics of Synchrotron Radiation

1. Broad spectrum
- SR has a broad continuous spectrum, covering from IR to x-ray regimes.
- Flexibility in choosing suitable photon energy for particular experiments.

2. High brightness
- SR is extremely bright, which can be used to study extremely diluted
samples with low concentration of atoms, or weakly scattering crystals, with
sufficient signal-to-noise ratio.

3. High degree of collimation
- SR has a very narrow cone, enabling full use of the available photon flux.

4. Well-defined polarization

- SR from bending magnets and planar insertion devices is linearly polarized.

- Circularly or elliptically polarized SR can be generated from specially
designed insertion devices e.g. helical undulator.

5. Pulsed time structure
- SR is emitted from electron bunches of sub-nanosecond time scale, thus it

has similar pulsed time structure. |t can be used to study the mechanism of a

process with a sub-nanosecond time scale resolution.
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Light Sources Provide 3 Types of Synchrotron Radiation

Bending magnet

radiation
Wiggler radiation
4 !
e YN . Undulator radiation
P W L —
¢ T A

ho

Courtesy: W. A. Barletta, Fundamentals of Accelerators, US Particle Accelerator School 2012
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Synchrotron Beamline

Within the experimental hall, a beamline consists of an optics cabin, a experimental
cabin, and a control cabin.

Modern Synchrotron
Radiation Facility

Photons

S
X\
o
Many straight
X-ray

sections containing
periodic magnetic
structures

VAVAVAVAVAVAYAY]

* Tightly controlled
electron beam

'\”‘uuuu/

http://www.esrf.eu/about/synchrotron-science/beamline
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How to Choose Beamline Locations?

BL7.2: MX

BL3.2 b: PEEM

Example: SLRI beamlines

BL1.1W: Multiple X-ray Techniques

BL1.2W: X-ray Imaging & X-ray Tomographic
Microscopy (XTM)

BL1.3W : SAXS (Small Angle X-ray Scattering)

BL2.2: Time-resolved X-ray Absorption
Spectroscopy (TRXAS)

BL3.2Ua: PES (Photoelectron Emission
Spectroscopy)

BL3.2Ub: PEEM (Photoelectron Emission
Microscopy)

BL4.1: Infrared Spectroscopy and Imaging (ISI)

BL5.2: X-ray Absorption Spectroscopy (XAS),
SUT-NANOTEC-SLRI

BL6a: DXL (Deep X-ray Lithography)

BL6b: Micro-XRF (Micro-X-ray Fluorescence)
BL7.2W: Macromolecular Crystallography (MX)
BL8: X-ray Absorption Spectroscopy (XAS)



Applications of Synchrotron Radiation

Ultra-Small
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Coherent Emission — Free Electron Lasers (FEL)

Bound-electron laser e.g solid state
lasers

Es
EL
Pump —» 2 | 5
| ~» Laser transition
SN ,"
E,
Mirror Permeable mirror
~ P
il Active medium e, DR

\ Energy pump
Optical resonator

Free-electron laser: single pass, oscillator

Incoherent emission:
electrons randomly phased

Coherent emission:
electrons bunched at
radiation wavelength

K2

)

K =

eB Oﬂ'u
2rmc
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How bright is a synchrotron light source and FELS?

1030

1 025

1020

1015

—
o
Y
(=]

‘I’V[IIIIIIII]IIIIIIIII

Brightness (photons / sec / mm2 / mrad2/0.1% BW)

105

102

T T e

4" generation light sources
FELs

3rd generation light sources
(ring based)

-~

Bend Magnet

= ]
4
=5 J

X Ray Tube

- l &0-W Light Bulb

Candle

T T T

Essential features of X-ray FELs

Short wavelength (down to 0.1 nm)
High peak and average brilliance
Investigations of matter under
extreme conditions.

Ultra-short pulses (< 100 fs)

High temporal resolution to study

ultra-fast dynamics e.g. molecular

movies.

Transverse spatial coherence
Imaging study of single nano-scale
objects (no crystallization needed).

Y YV VY

Y
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Incoherent X-ray from SR — Coherent X-ray FELsS

FIRST FLASH DIFFRACTION IMAGE OF

A LIVE PICOPLANKTON

March 2007
FLASH soft X-ray laser
Hamburg, Germany

FLASH pulse length: 10 fs
Wavelength: 13.5 nm

Sl // RECONSTRUCTED
i W i CELL STRUCTURE

J.Hajdu and H. Chapman

L

p

Filipe Maia, Uppsala

J. Hajdu, |. Andersson, F. Maia, M. Bogan, H. Chapman, and the imaging collaboration

[ o i R l
30 60 0 60

Resolution length on the detector (nm)




Generation of Accelerator-Based FELs: Single Pass FELs

SASE FELs (Self-Amplified Spontaneous Emission)

Electron beam Undu IatoIEUndulator period Photon beam
a0

WS T e e e

HUUELLUH NS UL BE LU uSUE DN S U LRSS U USUULE S
(1) Spontaneous  (2) Modulation, (3) Bunching, (4) Overbunching, dump
emission exponential gain coherent emission saturation

W& W W L
I

Length along undulator

Seeded FELs I,

B I
""«ﬂlﬁaﬁ;efi PUlSQ—'_"_"“'“* undulator
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XFELs Around the World

* European XFEL. Germany (~ ~ 0.1-1.6 nm)
* FLASH @ DESY, Germany (» ~ 0.1-7 nm)
+ SPARC, ltaly (». ~ 0.6-40nm)

* FERMI @ Elettra, Italy (». ~ 10-100 nm)

» SwissFEL, Switzerland (. ~ 0.1-7 nm)

+ »” +SACLAXFEL @ Spring-8, Japan
(» >0.1nm)
» Shanghai FEL
* Pohang XFEL

+ LCLS FEL @ SLAC, USA
(~ ~ 0.15-1.5nm)

* HGHG FEL @ NSLS, BNL, USA
(» ~ 193 nm)
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Generation of Accelerator-Based FELs: Oscillator FELs

mirror

/
/

{
\

\
i
\
\
\
\
1

|
Electron Injector System
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Principle of Oscillator FELs

electron bunch

'H-W-m

Electrons bunched at
radiation wavelength:
coherent emission

Random electron phase:
incoherent emission




Examples of Accelerator-based MIR-THz Facility Worldwide

FELICE : 5 - 100 pm

A ) c—— |
3 S==)
li_.l‘
. . FELIX-1:30 - 150 pm
FELIX-2:3 - 45 ym

FELIX Laboratory, Radboud University, Netherlands

optical laboratories = w

pt4”rb_t1_—‘ ! I?l !” Diz l 1 Cesemmmmd )-
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free-electron lasers
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accelerator hall
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Fritz Haber Institute (FHI), Germany
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Applications
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W. Petrich, Appl. Spectrosc. Rev. 36:2-3 (2001) & L.M. Miller, G.D. Smith, G.L. Carr, J. Biol. Phys. 29: 2-3 (2003) 219.
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Applications (cont.)

THz imaging diagnostic Nakagimaetal.

of cancer tissues [APL 90 041102(2007)]
.y ‘ . 1.7 THz image
THz radiation properties: Photo image Absorbance  Refractive index

® penetrate non-conducting materials e.g. wood, plastic, paper.

‘.ﬂ "\'
‘\J r-

® blocked by metals absorbed by water or liquid

3 -
A )

Examples of applications:

® quality inspection, security screening, medical applications, etc.

® Non-destructive THz imaging and spectroscopy of drugs using
spectral fingerprints
® Fingerprints of hydrogen bonds revealed by mid- and far-IR

spectroscopy

o> [0mm Low = = High

MDMA

y 4 methamphetamine
q l 4 aspirinp
: /_\
IF UNDELIVE
RIKEN
. 2-1 Hirosawe,
| bﬁ ,

4 A“;\\- %0 12 14 16 18 20

Pump-probe experiments e.g. Study dynamics of biomolecule.

chgF gas inlet
W. L. Chan et al., Rep. Prog. Phys. 70 (2007) 1325 W. L. Chan et al., Rep. Prog. Phys. 70 (2007) 1325

Visible image

log attenuation [a.u.]
N

20 minutes 50 minutes 100 minutes

‘n:(ln-uyva'{—\_

THz transmission image of a semiconductor IC

frequency [THz]

1

150 minutes 200 minutes 5 : MDMA I Methamphetamlne | | Aspirin |

THz images of a polar gas injected in a polystyrene form block

K.K awase, Y. Ogawa, Y. Watanabe, Opt. Express 11 (2003) 2549. 64



Applications (cont.)

Two colors time-resolved pump probe experiments: IR FEL & Ti:Sapphire Laser

P
cto
prob® /‘\ pet®
E:
= probe
’ S |
ampie hel o . o
P equilibrium bleaching relaxation
energy
$ : excited
state
@ .
‘/ :‘;- ’ het (shors lived)
o i transient
states
P/
pump
pulse ‘ A equilibrium
I I state

reaction coordinate
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PBP-CMU IR-FEL (future)

Research activities:
» Coherent MIR & THz light source

KI & Cooli . .
T etem e > 4-MeV electron linac for polymeric
room material processing
§5% = Storage
i
% x
E.. [
3 v
£ ; 4-MeV Experimental
E : g linac area
s
! : d?;_ [ 1 . l
e, g L | Meeting
| A5 Control room |
PS room - |
&
Controller




Electron Injector System




Medical Applications

a Diagnostics
> |sotope production
» PET Scan, SPECT, CT Scan, MRI
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Medical Applications

a Diagnostics
> |sotope production
» PET Scan, SPECT, CT Scan, MRI
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Applications of Isotopes

Industrial — Gauging & calibration
Medical — Diagnostics & treatments
PET
SPECT
Brachytherapy
Accelerators: Linacs & Cyclotrons (protons or deuterons)
PET — 7 to 20 MeV with current less than 200 pA
SPECT — 22 to 70 MeV with current up to 2 mA
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Isotope Production Using Cyclotrons

-1 Low energy (7 - 20 MeV) cyclotrons are used for production of short-lived
isotopes

-1 Medium to high energy (20 - 70 MeV) cyclotrons are used for production of
long-lived isotopes

1.2m x 1.3 m 17 MeV PETTRACE 30 isotope-producing cyclotron with 2.7 m in
cyclotron with a height of 1.9 m diameter and 2.8 m high

[http://cerncourier.com/cws/article/cern/49056] 71



Isotope Production Using Linear Accelerators

- Low energy (7 - 70 MeV) proton linacs are used for production of short-
lived isotopes

2 Medium to high energy (70 - 100 MeV) proton linacs are used for
production of long-lived isotopes

7 MeV proton linac, AccSys Technology 100 MeV proton beam from the 0.5 mile linac
of Isotope Production Facility (IPF), Los Alamos

[D. R. Fisher, Medical Isotope Production and Use]
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Positron Emission Tomography (PET)

Camera

PET machine

coincidence
processing unit

sinogram or
list-mode data

1
,/ PET scanner
in action

unstable
radiotracer

annihilation image reconstruction

[www.sepscience.com/Sectors/Pharma/Articles/429-/Radio-IC-for-Quality-Control-in-PET-Diagnostics]
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PET Imaging

Positron-emitting radionuclide and half-life

Nuclide Half-life

¢ (carbon-11) 20 min
13N (nitrogen-13) 10 min
150 (oxygen-15) 2 min

18F (florine-18) 110 min

fluorine-18

Very High Activity i

High Activity :O

Medium Activity

Low Activity

No Activity

[http://learn.genetics.utah.edu/content/addiction/brainimaging/]
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Computed Tomography (CT scan)

X-ray beams CT machine Direction

of rotation

Caregiver
Rotating X-ray

Source -6

Fan-shaped —
X-ray beam

Maotorized
platform

CT scan
machine T
Pereesy Rotating X-ray

detectors
> <
{ B Patient lies on
- f motorized platform

c ]

[http://cardiaccare.info/ct-scan/, www.drugs.com/cg/pelvic-and-abdominal-computerized-axial-tomography.html]
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Integration of Imaging and Treatment

-1 TomoTherapy: combination of CT scanner and linac

» 6 MV linac mounted on a CT type ring gantry
» Megavoltage CT (~3-3.5 MV)

fan beam

detector
array

[http://ogdenregional.com/service/why-tomotherapy, http://openi.nim.nih.gov]
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Single Photon Emission Computed Tomography (SPECT Scan)

SPECT scan uses a radioactive substance and a special camera to create
3-D pictures by integrating two technologies to view your body:
computed tomography (CT) & radioactive material

decreasing

Brain SPECT Image  activity

[www.nature.com/jcbfm/journal/v20/n11/fig_tab/9591014f9.html;http://www.mindspect.com/spec%20scan.html] 77



Magnetic Resonance Imaging (MRI)

Medical application of nuclear magnetic resonance spectroscopy

MRI Scanner Cutaway

Radio 4 . ; S : Patient

Gradient
Coils

Magnet

Scanner

https://nationalmaglab.org/education/magnet-academy/learn-the-basics/stories/mri-a-guided-tour
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Spin Precession in Magnetic Field

http://wikidoc.org/index.php/Basic_MRI_Physics

Anti-parallel

Hydrogen atoms in
your body

There are billions of
hydrogen atoms in your
body.

Usually the atoms are
randomly aligned
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MRI Images

| TEEA

T1 contrast T1 contrast




Medical Applications

d
>
>

d Treatments

>
>
>

X-ray, y-ray radiotherapy
Photon/Electron beam therapy
Hadron therapy

» Proton / lon beam therapy
> Neutron Therapy

Possible Future Applications
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Treatments of Cancer

Brachytherapy

T

Chemotherapy

External beam
radiotherapy

&)

[http://aboutbrachytherapy.com/about-brachytherapy/]
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External Beam Radiotherapy (Radiation Therapy)

The goal of radiation therapy is to use the radiation to kill cancer tumor tissues
while minimizing the damage to healthy tissues.

Low linear-energy-transfer (low LET) radiation:
Electron, photon, proton

The damage is done by primarily activated
radicals produced from atomic interactions.

Homogenous deposition of radiation dose.

The damaged tumor cell has a good chance to
repair itself and continue to grow.

High linear-energy-transfer (high LET) radiation:
lon beam / neutron

The damage is done by is done primarily by
nuclear interactions.

Local deposition of high dose.

The chance for a damaged tumor cell to repair
itself is very small.

[J. Debus, Accelerators for Medicine: Achievements, Challenges, Opportunities] 83



Photon/Electron Radiation Therapy (DC X-ray Apparatus)

1895 Wilhelm Conrad Rontgen discovered the X-rays on November 8t"
at the University in Wirzburg by using a cathode ray tube

emits electrons by by a high voltage.
thermionic emission

Copper rod for
heat dissipation

x-rays produced when
high speed electrons
hit the metal target.

(1845-1923) % %%

[D. Robin, UPAS, UC Santa Cruz, January 2010]

1896 RoOntgen announced his discovery on January 23"

1897 Leopold Freund used X-rays for first treatments of tissue at
University in Vienna

1901 Physics Nobel price was awarded to Rontgen
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Photon/Electron Radiation Therapy (DC X-ray Apparatus)

1899  First X-ray treatment in Sweden by Stenbeck and Sjogren

1906 Vinzenz Czerny founded the first “Institute for Experimental
Cancer Research” in Heidelberg

1913/4 Invention of part- and full-rotation radiation instrumentation
1920s Industrially manufactured X-ray apparatus with high voltage

(e.g. 150 kV X-ray apparatus by Reiniger-Gebbert & Schall AG
or later called Siemens)

Cancer therapy apparatus in Heidelberg (1913) Present dental x-ray apparatus
| | ¢
|

[DOE Workshop, October 26, 2009] http://www.medicalexpo.com/prod/villa-sistemi-medicali-70463.htm| 85



Medical Electron Linacs (developed 1930 —)

4-25 MeV Linacs use microwave RF fields in
the S-band frequency range.

O Accelerator systems for treating a patient
with high energy electron beams or x-rays.

O The whole accelerator (except controller
and power supplies) is mounted on a gantry,
which can be rotated around the patient.

d The radiation can be delivered to the tumor

from all directions with precise control for

positioning and dose.
[http://www.tcropa.com/services.] 86



RF Linacs & Intensity Modulated Radiation Therapy (IMRT)

[www.upmcwhitfieldcancercentre.ie/IMRT.htm] [www.vmoc.com/services/radiation-oncology/imrtigrt/]

87



Usage of Photon / Electron Beams

Medical linacs are used for external beam radiation treatment for
Photon therapy (hard or soft X-rays)
Electron therapy

Aim of Radiotherapy : to deliver maximum dose to tumor while minimizing
dose to adjacent normal tissues

110
100
90 -

80

—= 70
60
50
40
30
20
10

PPD(%

10 15 20 25
Depth in water (cm) Depth in water (cm)

electron beams with energies 6, 9, 12, 18 MeV photon beams with 6 and 15 MV

[S. Hanna, RF Linear Accelerators for Medical and Industrial Applications]
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Limitations of Photon/Electron Therapy

2 Charged particle beams slow down and stop inside the human body
0 X-rays keep going inside the human body at the speed of light

final dose
100 =
80 = 8 MeV photons
20 MeV
electrons
L —

? 60
(=)
=
V]
=
-
8

S 40 -

190 MeV protons
(maximum energy) { /\
20 = / successive exposures
at increasing energies
= \
v = E
S ~
0 | | | | | |
0 5 10 15 20 25 30

penetration lenght inside the human body (cm)

[http://www.accelerators-for-society.org/health/index.php?id=7]
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Hadron Therapy

1 Hadron therapy (proton /ion / neutron) allows for the treatments with deep tumors
with minimized dose to heavy tissues
1 It was proposed by Robert Wilson to take advantage of the Bragg Peak

Bragg peak
Proton beam

0 - )

Carbon ions (250 MeV/u)
X-rays (18 MeV)

3.0

1.0 Protons (132 MeV)

Relative dose

\

0 T T I T T
0 5 10 15 20 25 30

. . . penetration depth (cm)
[http://www.accelerators-for-ociety.org/health/index.php?id=7]
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Range of Different Proton / lon Beams in Water

W T ¥ & &t T £ § EF& £ T ¢ & ¢}

FERERE-" "IN RERERRERN

R [em H,0!
5
&

1 ] IR T (i - - ol i . T s A et e B e i I ... .-
............................................................... T e e
T T o TS D (PR et o B s e e T e R R e e A
B RN e RO, P i oo™ o SR RS ORI S SO ORCYROYL o uun. ORI, WURRE. K VR RN A

i

i

250 300 350 400 450

E [MeV/ul

50 100 150 200

[J. Debus, Accelerators for Medicine: Achievements, Challenges, Opportunities] 91



Comparison of Protons, Neutrons, Pions, lons, Photons

O\

Biological @

Effectivity

Dose Conformality ——

[J. Debus, Accelerators for Medicine: Achievements, Challenges, Opportunities] 92



Proton Radiation Therapy

Center for Proton Therapy (CPT) at PSI

Compact French 65 MeV cyclotron
for proton and neutron therapy

[http://Ipap.epfl.ch/page-59250-en.html; D. R. Fisher, Medical Isotope Production and Use]
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250-MeV Cyclotron Proton Therapy Chulalongkorn Hospital
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Varian ProBeam Compact system with fully rotational intensity modulated proton therapy (IMPT). g4



Synchrotron Proton/lon Beam Therapy Facility

Proton Therapy Synchrotron at Fermilab, USA lon beam cancer therapy at Heidelberg

[H. Eickholf and U. Linz, Medical Applications of Accelerators] 95



Neutron Therapy

1 Neutrons have a greater biologic impact on cells than other types of radiation, which
do not damage all cells to the same extent.

) For the same amount of radiation, a lethal dose can be delivered to the cancer cells,
while a sub-lethal dose is delivered to the healthy tissue surrounding the cancer.

(66)Be(49) produces neutrons

Neutrons Created
by Protons

[A. J. Lennox, Medical Applications of Accelerators, Sacramento AAPT/APS 2004] 96



Proton Accelerator for Neutron Therapy

Cyclotron Vault Treatment Room Be target

Conventional Cyclotron

N Beam Line e
\ H

| ¢
~ o “ ¢ - s, ¢ O e T e |
- . - b ” * / 2 ' A . R "

" | Counterweight | , \
Position of

g 5 8 Moving Floor
Scale in Feet B RO
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Possible Future Applications

Plasma Therapy
Assoc. Prof. Dr. Dheerawan BOONYAWAN
Laser Wakefield Plasma Acceleration (LWPA)

LWPA combined with electrons or protons is possible to
increase the effectiveness of irradiation on tumors and reduce
side effects .

Dielectric wall accelerators

Smaller high energy proton machine with pulse-to-pulse
energy and intensity variation

THz (T-ray) imaging & MIR/FIR/THz spectroscopy
Alternative technique for medical imaging and analysis
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Medical Applications

Equipment sterilization
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Medical Equipment Sterilization

[www.ichtj.waw.pl/ichtj/market/m-eng/dep_07/medster.htm; www.dasheng.com/en/rhodotron-center.html]
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X-ray Sterilization Using Electron Accelerators

DC accelerator RF Linacs

[A. ). Lennox, Medical Applications of Accelerators, Sacramento AAPT/APS 2004;
www.iba-industrial.com/downloads/sterilization-of-medical-devices/17]

[http://medicaldesign.com/contract-manufacturing/electron-beam-sterilization-more-versatile-you-think] 101



Mobile Sterilization S_ystem

Compact portable scanning system based on a superconducting CW electron linac.

RF amplifiers, magnet power supplies, detectors and electronics

.l'.l | ~W ———

liquid helium Dewar

\

liquid nitrogen Dewar

LIy

liquid metal x-ray converter

— ———— 57 7, —
~— ——— ‘BT —— —
— - — — R—

— —

* 10 MeV superconducting booster cavity

[http://www.niowaveinc.com/index.php/products/x-ray-sources/] 102
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» Electron microscope GEGNENINEICH
* lon implantation

* Electron beam Irradiators

* lon beam analysis

* High energy x-ray Inspection
* Neutron generators
 Synchrotron radiation
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AAdIANSsAdLanmnsou (Electron microscope)

i a
né"imci;amﬁﬂumﬁnmawuﬂdmvim (Transmission Electron Microscope ﬁ%@ TEM)

Source

.
T

@

a

W
3
>

Condenser lenses

Condenser aperture

Objective aperture

Intermediate lens X

Projector lens

Main screen
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electron gun

beam
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ansildlooon (lon implantation)

U

m3ifalesau AanszuIumsfalossuasuiiiag medlumsdSuil; el

lon Implantation Dose & Energy

=
anal

Mid-well

UA dcg
ANUANIENTINAUY
Semiconductors 10000 T
r uper-deep-we
CMOS fabrication ; ( (CCDs) :i
SIMOX 1000 £ Deep-well
Cleaving silicon p (Latchup, 5=R)
MEMS 100 ¢ 7
- Steep Retrograde
| Channel (Vth)
Metals 10 ¢ N
Harden cutting tools i
RN
Artificial human joints

T H-cut SIMOX —
(Vpunch thru) (Laminated (S0l)
~ materials)
Halo |
(Vth, SCE) W
Poly-Si Gate
(Vth, Ids)
S/D

SD Extension

(Vth, Ids)

0
Ceramics & glasses

Harden surfaces
Modify optics

lon Dose (atoms/cm?)

1.E+10 1.E+11 1.E+12 1.E+13 1.E+14 1.E+15 1.E+16 1.E+17 1.E+18 1.E+19
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ANs3LAsisnuan looou(lon beam analysis)

m Techniques Applications
Rutherford Back Scattering (RBS) -Semiconductor quality
Elastic Recoil Detection Analysis (ERDA)
Nuclear Reaction Analysis (NRA)
Particle Induced X-ray Emission (PIXE) *Geological studies
Particle Induced Gamma ray Emission (PIGE) | «Oceanography studies
Nuclear Resonance Reaction Analysis (NRRA) | .Biomedical science
Resonant Scattering Analysis (RSA)
Charged Particle Activation Analysis (CPAA)
Accelerator Mass Spectrometry (AMS)

«Environmental monitoring

5 [ 0 QO i [N o (51 (SR ol S i [

m Vendors
1 National Electrostatic Corp. (USA)

1 High Voltage Engineering Europa
(Netherlands)
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iaoatsaunuuau (Tandem accelerator) @ CMU

ia v

Y Y o
m’%m 1.7 MV Tandem " Tandetron " Accelerator maaguﬂmﬂwaﬂaeumwmamuazm
AUNIA NHINLNALTEI] Ml

® Rutherford Backscattering Spectrometry (RBS)
® Proton Induced X-ray Emission (PIXE)
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ANsUszuns [da181dnnsou / sidannadidnnsou

M3 IUAMILAIBIANATOU / S9aaINdIaNATU IUNMAYNENHNTIN
! g eqe . =) Y, Jd g 1 =
" SN (Sterilization) TUHAANUNNIMTUNNG 15U (UYLRA
81 9910
- v A oA ey, 9) d'
NMIDIUTITNNADENATOUVUOIHITHASHIHE IIND DU

o Q/

01g HIDMIALLAY
- v A ] A ~ -~
NMIDIVTITNINAIDANAIOUVUNADINDIAsUTVD INADY
g A ovu . . Y Y o
" AszUIUMIFONUWUT (cross-linking) Tuiag Tagn1s loan
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ANsUszuns [da181dnnsou / sidannadidnnsou

Cross linking applications

Product

Cross-linked polyethylene(PE)
and PVC

Cross-linked foam polyethylene

Cross-linked rubber sheet
Cross-linked polyurethane

Cross-linked nylon

Heat resistant SiC fibers
Vulcanized rubber latex
Cross-linked hydrogel

Acrylic acid grafted PE film
Grafted polyethylene fiber

Curing of paints and inks

Applications

Heat and chemical-resistant wire insulation;
pipes for heating systems

Insulation, packing and flotation material

High quality automobile tires
Cable insulation

Heat and chemical resistant auto parts
Metal and ceramic composites
Surgical gloves and finger cots
Wound dressings

Battery separators

Deodorants

Surface coating and printing
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Natural Rubber Vulcanization with Electron Beam @ CMU

trigger
pulse
_I'I_ RF puls
modulator j¢— .- bae

electron gun

magnetron

power
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heam exit window

movable target stage
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