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Accelerator
—The largest tool to explore the world
- gl eWhile exploring the interior of matter accelerators
0wl are used as tools, either as energy transformers or as
E > super microscopes.
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Light Sources based on Accelerators
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X-Rays have opened the Ultra-Small World
X-FELs open the Ultra-Small and Ultra-Fast Worlds
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Neutron Sources based on Accelerators
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Applications of Neutron
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We will only discuss the applications of low
energy accelerators here.

Outline

» 1. Basic knowledge
» 2. Radiotherapy

» 3. Radiography
>4, lrradiation



o % 1. Introduction

Applications of low energy accelerators
— Particles directly from accelerators: electron,proton,ions .
— Secondary particles: x-ray or neutron.

Radiotherapy

— X-ray or electron beam: electron linac, microtron, betatron

— Proton or heavy ion beam: cyclotron, synchrotron, linac, FFAG
Imaging

— X-ray imaging: x-ray tube, electron linac, betatron, microtron

— Proton imaging: synchrotron or cyclotron

— Neutron imaging: nuclear reactor, linac, synchrotron, cyclotron
— PET (Positron Emission Tomography) : low energy cyclotron

Irradiation

— DC High Voltage Accelerator ( >100kW, <5 MeV )
— Electron Linac ( <80kW, >5MeV)

— Others: Rhodotron, LIU, Ridgetron, Fantron
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Kinds of Rays

« Particle
— Electron
— Proton
— lon
— Neutron

* Eletromagnetic Radiation
— X-ray, y-ray
— Optic light
— Microwave and RF radiation

W
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v-rays:
Photons emitted from a nucleus or in annihilation between a matter
(electron) and an antimatter (positron).
E=hov (from few—keV to few—MeV)
~_hc 12.4keVeA
Y

h=6.626x10"*J s (1keV =1.6x10"°J)

=4.136x10"°keV s
c=3x10"°m
A (Angstrom) =10""m
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*Some following slides are from Prof. Xu’s lectures given at Tsinghua U. Summer 0£2002
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X-rays: (characteristic or fluorescent x-rays)

Photons emitted by electrons falling from a higher-energy level to a lower-
energy level in an atom.
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X-rays. (continuous or bremsstrahlung x-rays)

Photons emitted by electrons deflected and slowing down in a
Coulomb force field near 2 nucletis

ol

h @) Nucleus

]}

valld =

) =

»



Tsinghua University

Relative Intensity
per Energy Interval

A typical x-ray energy spectrum
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The Interaction of Photons with Matter

In radiological physics, the range of energies of interest is from 1 keV to ~50 MeV.
Within this range, the following types of interaction with matter are relevant.

Type of
Interaction

Outgoing
particles

Remarks

Photoelectric Scattering Pair production
effect (1) Coherent (5,,) Compton (o;,.) (i)
1 electron, 1 electron, _
TSI ppon Lphoon A pesien
electrons energy)
Dominant

Dominant event No energy loss, Only important

for diagnostic small angle tr?(\a/&ntezotgc for high-Z
applications scattering appli cpati Ok materials

“:T+Gcoh+6inc+]{



Photoelectric Effect

The incident photon is absorbed
by the atom, an electron (e.g. K-
shell) is ejected with a kinetic
energy equal to hv — E,.

The vacancy is filled by an outer
shell electron (e.g. L-shell),
thereby emitting a characteristic
X-ray with energy E-E, .

Alternatively, instead of the
characteristic x-ray, an Auger
electron (e.g. M-shell) is ejected,

with kinetic energy of E.-E, -E,,.

Characteristic
X-ray

Auger
electron



E LS Photoelectric Effect (cont'd)

Tsinghua University

photoelectric mass attenuation coefficient

L-shell binding
energy ~15 keV

3
7/ pocl/E
K-shell binding

~ 3~4
energy ~88 keV T/,O oc Z
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" Compton Effect (Dependence on Energy)

Compton effect decreases with
= 100 Increasing photon energy.
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Pair Production in the Nuclear Field

The photon interacts with the
electromagnetic field of the nucleus
and gives up all its energy in the

e (electron)

-
process of creating a pair of electron
(e”) and positron (e*).
hv>1.022 MeV
Since the rest mass energy of each particle T+

1S 0.511 MeV, the photon energy must be
greater than 1.022 MeV for this
Interaction to happen. The total Kinetic
energy carried by the pair is (hv — 1.022)

e* (positron)

B o W |
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Pair Production — cross section

A

The atomic attenuation
coefficient (cm?/atom):

JK oc Z2
Pair production coefficient

The mass attenuation Increases with photon energy.

Pair production coefficient

0.1
coefficient (cm?/g):
K/p = ;kN,L/A
oc Z2A 01 1 10 T

o Z Photon energy (MeV)

s
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Mass attenuation coefficient (cm?/g)

M%+%%  Relative Importance of Various

Tsinghua University

10

Types of Interactions

L-shell binding
energy ~15 keV

Interaction of Photons with Matter

K-shell binding

energy ~88 keV Eaoto

electric

, Pair
production

1 - Compton scattering

. 1 5/MeV ’
0.01r ~l50 MeV

0.01 0.1 1 10523 il

Photon energy (MeV)
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2.1 Introduction to Radiotherapy

* Radiotherapy, is the treatment of cancer and other diseases with
lonizing radiation. lonizing radiation deposits energy that injures or
destroys cells in the area being treated (the "target tissue") by
damaging their genetic material, making it impossible for these
cells to continue to grow. Although radiation damages both cancer
cells and normal cells, the latter are able to repair themselves and

function properly.

— External radiotherapy, where radiotherapy is given from outside the
body using X-rays, electrons or, in rare cases, other particles such as
protons.

— Internal radiotherapy, where radiotherapy is given from within the body,
either by drinking a liquid that is absorbed by the cancerous cells or by
putting radioactive material into or close to the tumour. ~ =
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Radiotherapy

« X-ray or y-ray

* Electron

* Proton

* Heavy ion (carbon)
* Neutron (BNCT)



LAy Iy,
. & ""a,' L] ‘\/é

COWEES

; 1 o

B . ) i
tyenn- & Tsinghua University

2 0 FA) TS B

* ZH A B TEU ARk A4 B 4 R i 10045 A L

- RRMEEITRREEHIZETCP (Tumor Control
Probability) , REB/MNHFRIEREZRZNTCP
(Normal Tissue Complication Probability)

o Y PR TSR TR T T 4 L 1 T R I L T
MR TR R L ” , FERZHEN T L.

(Bergonie, Tribondeau, 1906£5)
* RZHCRMEIREARNFEIRIEE HLR L, X
%%E%@@o d : -

b}




TCP (%)

100

EEE;

Tsinghua University

B X T HiiE

Dose

100

TCP (%)

NTCP (%)

10(

PR X O A U

100

TCP (%)

NTCP (%)

10(

PR X TR U

71100

. p4 < a
b _‘S':“._\A

vill) =
) =

T

NTCP (%)



tEZE

Tsinghua University

BT R

L b
0k
AN
TS
=
S
S

u/

100~ -] 100

50"

TCP (%)

x]d'-‘ _
) =

NTCP (%)



@) mxLS
N singhua University 4% ZH_\E: Q%f%—( g
(Linear energy transfer LET)
- SHRAEALR S, ERAKELE (u) BTREE
BRI gEER (keV)

LET =‘3—$ (KeV / um)

¢ The radiation with a LET value less than 10 Kev/um 1s called low
LET radiation.

LETo00kv x —rays = 3 KEV/zm

—10 to 10,000KeV / um
LET1~16,OOO MeV |, helium 10 Uranium ;
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2.2 Radiotherapy with x/y ray and electron
beam

 The Era of X-ray Tube Machines (150~400 KeV)

 The Era of %°Co. (1.17 MeV and 1.33 MeV) (in 19505s)
 The Era of Betatrons (in the 1950s and 1960s)
(a) (b)
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Early time of x-ray and electron therapy

119607 i

View of a medical betatron
mfd by Brown Bover
(Switzerland)

© The first linear electron accelerator was
Installed at Hammersmltm—iosp’ltal England
in 1952, (8MeV) s

e First orientable Ilneara,e |
orthotron (1954, 4MeV)
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X-ray Radiotherapy
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Electron Radiotherapy
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UL A | | in awater phantom for
| electron beams

=

|

I - | ]
B | ‘ _
/]

|H'I{ gntagedose raie
&

d 2 3 B
ApLn in waler iom) 0"



RF Electron Linear Accelerators for
Conventional Therapy

¢ In most conventional therapies the RF linear accelerator
(Linac) serves as the radiation source.

¢ Clinical Requirements
1. Radiation Energy Range

© Low energy 4~6MeV

© Middle energy 8~14MeV

© High energy 15~25MeV
2. Dose Rate

©X-rays: 100~600 cGy/minat 1 m
©Electron beams: 100~1000 cGy/min at 1 m
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Dose distribution flatness

3. Precision of the Delivered Dose

+ 2%
4. Radiation Field Size

©X-rays: 2X2cm?~40X40cm?

©Electron beams:

2 X 2cm2~25X 25cm?

5. Dose Distribution Flatness:
eX-rays: < + 3%
oElectron beams: < +5%
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¢ Standing-wave (SW) medical linac
---side-coupled SW accelerating structure
---on-axis coupled SW accelerating structure
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RF Power Source and Transport System

¢ The type of RF power source
oKlystron (f = 2856 MHZ)
©Magnetron  (f = 2856; 2998 MHZ)
¢ Peak power, pulse width
—--2~5 MW, 4 us , 250 PPS

¢ If a klystron is employed, the klystron is housed in a
separate stationary cabinet

W
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Beam transport, Bending System and Gantry

@ E[[ (b)
[
| 1

(c) T o=

Figure 1.19

N uR
) =



EEE;

Tsinghua University

Treatment heads
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Figure 1.20 Schematic of a treatment head of Varian =~

clinac 6/100 accelerator for X-ray therapy . ﬁw a a o B
"*““’ﬂ"" 5! E’ l & "ﬁ






IMR
T(In
tensi
ity
Modulated R

adioT

hera

py)

i—,a \\\ S
\\\\\\\\ \'\\\ \\\\Q\\
\\\
Al
\\\

\\\
\\\\\\\ \M N - ““\\ LN
\ ||||||||||||||||||||||||||||Ir\\\\\\\\\




Intensi

Ity Mod
ula

ted Radiation Th

erapy(

Tsin
Qhua U niuergit-}f

\ '\\\\\\\‘i\\ ‘
I \\\%\\‘.\\\\\3‘ il

\\
N

‘ l II\\‘\?\\\~§\}\ \\\\\“‘-
|\\§|§\\\ \\\\\

\

l\

\\\\\\\\\\

| .\\
\\\\\\\\\\\\\I \\\\\\\\\\\}\\\\\\

- .
\\\\&\\\\\\\\\*‘ *\
RN I\

\\\\\\\\x\\\\\*\\

\\\‘\\\m
MR

) MR \;\"
\\\\ ‘\\\\ N
\ | N

-

\\\\\\\\
\\\\1\\\\\\\\

[
%\d‘



IGRT(Image Guided Radio Therapy)
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IGRT
Tomotherapy and Cyberknife
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2.3 Proton/lon Radiotherapy

Targeting Tumors with Pinpoint Accuracy

By concentrating radiation onto a tumer and minimizing
damage to healthy tissue, particle beam irradiation technology

brings new possibilities to advanced medicine.

1aQ

Relatre dose, %
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Depth dose in water for 190MeV deuterons and 187Me\7’5roto 3 St
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Deep direction-Spread Out Bragg Peak
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Transverse distribution
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P.S. for Synchrotron Secondary Beam

lon Source

Alvarez RFQ
R4k

Linacs

Therapy C
High Energy Beam Transport

Physics & General
C}" 42 ' Synchrotron Medium Energy Beam
Synchretron 1 Slow Ext.

3 HAa@er 48T HIMAC
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Beam position precision 20 m long, diamet‘e} of 13 m,
1lmm total weight of 670 tons.
@HHTN 2 il g
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« Synchrotron therapy systems
— Proton type (70 - 250 MeV)

A% #% Mitsubishi Electric

— Proton (70 - 250 MeV) /carbon (70 - 380 MeV/u) type.

From 1994, four systems manufactured by Mitsubishi
have been installed and another three systems under
construction

Therapy Center (tentative name) Southern Tohoku Proton Therapy
& Under construction Cancer Center

| |

Hyogo lon Beam l . n Gunma University

Medical Center # Under construction
u Shizuoka Cancer Center ’b‘

I Fukui Prefecture Proton

- l National Institute of
Radiological Sciences

[ — Medipolis Medical Research Institute, Japan .
# Under construction


http://global.mitsubishielectric.com/
http://global.mitsubishielectric.com/
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BNCT
(Boron Neutron Capture Therapy)

Thermal neutron E=1.47 MeV
\ / ‘
o—particle
B-10
E ;7=0.84 MeV
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3 Radiography
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B 5T 9% 2K (Density Resolution)
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¢ The ICT Iimages of a vessel and an exhaust manifold
provided by the ARACOR Company, CA., U.S.A.
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3.3 Cargo Inspection System
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Material Identification in High Energy Dual-Energy X-ray
Imaging Technology

E Aim of Inspection : Identify threat and dangerous cargo

E Material Discrimination Function of Dual-Energy X-ray Imaging
Technology

— Application : Container or Vehicle and other large-scaled cargo

— Principle : Dual-Energy X-ray Image, calculate atomic number (Z) of the
scanned object and marked by different colors

— Purpose : Differentiate organic material and inorganic material
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Photoelectric effect/ Scattering/ Pair production
L-shell binding energy

~15 keV
100
K-shell binding energy
10 ~88 keV
1
0.1
0.01
0.01 0.1 1 10 = c N W ey
i - e - a o IUF
Photon energy (MeV) Ao S 'g RN
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Realization method

» Using two different energy level X-ray to scan
the container

« Using special algorithm of material
discrimination to process these two X-ray
signals, obtain the atomic number (Z) of the
scanned object, differentiate organic material
and inorganic material

» Using different colors to mark different material
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X-ray Source-The Dual Energy Linac
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Dual Energy X-ray
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Image Example and Photo Grey Image of a
Van with Different Tested Samples

Dry powder fire .
W

ure material samples include
lead, iron, aluminum and
polythene with different
mass-thickness such as 70,

Liquefied
| petroleum
) gas cylinder

Diesel oil
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Image Example and Photo Dual-Energy Color Image
of a Van with Different Tested Samples
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Dual- Energy Color Image obtalned by processmg of dual- énergy material

discrimination algorithm according to effective atomic num&r 3 i ] %—-“A
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3.4 X-RAY PHASE CONTRAST IMAGING (PCI)
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* Timm Weitkamp et. al, OPTICS EXﬂRESS Vol. 13,
No. 16,8 Augus 2005 ,P6296-R6305. g.'f
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4 |rradiation

4.1 Basic Concepts

Dose and Dose Rates
¢ Dose Unit:

1 Gy=1 Joule / kg

¢ Dose Rate Unit;:

1 KGy/sec. or 1 KGy/min

Electron Range
¢ Electron range in water (cm) <Lelectron energy/2 (MeV).

¢ Electron range is inversely proportional to the density of the Irradiated
material.

¢ For example, 10 mm Al (2.79g/cm?3) =>27 mm H,O.

W
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Irradiation Efficiency ( 77)
¢ Cross-linking of polyethylene roads

1 =60~ 70%
¢ Cross-linking of cable "= 15~ 50%
Processing capacity, W (Kg/hr)
W =3600x— x
D 100

Where P is the beam power (kW)
D is the required dose
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« What is irradiation?

Irradiation is the process to change molecular structure of an item,
which is exposed to radiation.

In common usage it refers specifically to ionizing radiation, and to a
level of radiation that will serve specific purpose.

Ray species: X-rays, gamma rays, electron beam
Food irradiation

Classification | Sterilization for medical devices

— Industrial irradiation
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&r LA BE Food Irradiation

« The radiation of interest in food preservation is ionizing
radiation, also known as irradiation. These shorter
wavelengths are capable of damaging microorganisms such
as those that contaminate food or cause food spoilage and
deterioration.

*Two things are needed for the irradiation process.

1) A source of radiant energy, and

2) a way to confine that energy.

¢~

\"J\‘ﬂ

Treated with irradiation  Treated by irradiation

M 2



Potential food irradiation uses

Type of food
Meat, poultry, fish

Trichinae

Perishable foods

Grain, fruit, vegetables,

dehydrated fruit, spices

and seasonings

Onions, carrots, potatoes, garlic, ginger
Bananas, mangos, avocados, papayas,
guavas, other non-citrus fruits

Grain, dehydrated vegetables

Effect of irradiation

Destroys pathogenic organisms, such as
Salmonella, Clostridium botulinum, and

Delays spoilage; retards mold growth;

reduces number of microorganisms

Controls insect infestation

Inhibits sprouting

Delays ripening

Reduces rehydration time



Table 1: Food approved for irradiation

Product

Wheat, Wheat Flour
White Potatoes
Pork

Dried Enzymes
Fruit

Vegetables

Herbs & Spices
Vegetable seasonings
Poultry

Frozen , packaged meat
for use in space program

Animal feed & pet food
Meat, uncooked, chilled

Meat, uncooked, frozen

Daose Permitted (kGy)
0.2-0.5

0.05-0.15

0.3-1

10 {max.)

1 max.

1 max.
30.max
30 max.

3 max.

44 min.
2-25
4.5 max.

7.0

Source: Olson, D.G. Food Technology, 32(1), 1998.

Date
1963
1964
1985
1986
1986

1986
1986
1986
1990

1995
1995
1997
1997

Purpose

Insect Disinfestation
Sprout [nhibition
Trichinella spiralis control
Microbial control

Delay ripening,
insect disinfestation

Disinfestation
Microbial control
Microbial control

Microbial control

Sterilization
Salmonella control
Microbial control

Microbial control
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Irradiation Methods

¢ Two-sided irradiation of insulation of wires and cables.

(a) ﬁ (b)

(.

"
)
9
:

Figure 2.5 (a) figure-of-eight method (b) parallel-wire'method

) =

) =
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¢ Two-sided irradiation of thin foil and arrangement for irradiation
of liquid.

inflow

Figure 2.6 (a) Two-sided irradiation of thin foil (b) Arrangement for irradiation of liquid,

T
? - 8
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Figure 2.4 The principle of EFGT’s technique “; .
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« Electron RF Linacs (S-band, L-band)
— Easy to get high electron energy

— Hard to get very high electron beam power
(<60kW)

* DC High Voltage Accelerators

— Easy to get high electron beam power

— Hard to get high electron energy (<5MeV)
* RF High Power Accelerators-Rhodotron, ILU

— Can be suitable for both high energy and high
power
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~ _Tsinghua University o _ _ _
wo kinds of widely used irradiation accelerators in Asia: ELV-DC high voltage type, and 1LU
based on RF acceleration.
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Extraction device . 8]
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The electron beam power of ELV-12 can ILU covers the energy range from 0.6MeV to 5

reach 400kW with electron energy of 0.6- MeV, and the maximum beam power is 50 kW.

0.9MeV, and the electron energy of ELV-8 can A 5e\//300kW ILU accelerator is developing
be 1.0-2.5MeV with beam power of 90kW . : . B

NOW. M 3
..T'f"-‘ . a‘, m . .\;§

Yu.l. Golubenko, et al, “Electron Accelerator of ELV-Type And Their Worldwide Application”, APAC2007, THPMA118.
V.L. Auslender, et al, “Industrial High Energy Electron Accelerators Type ILU”, Proceedings of RuPAC 2008, P367(2008).



NEZE
" Tsinghua University R h O d Ot rO n

¢ Rhodotron 1s an IBA company’s patent product. Its operating
principle is shown in the following figures.

The electrical field is radial and oscillates at a frequency of either
107.5 or 215 MHZ. N= TN

1. Coaxial cavity

Final stage RF amplifier (tetrode)
3. Cooling system

4. Supporting rings for magnets
5. Beam deflection magnets

6. High vacuum pump

7. Electron gun

8. Exit port for 10 MeV beam
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Fantron

Bending Magnet Coaxial Cavity

il
i

'ﬁ-'_")_____'_____-$j.
e

Electron Gun Beam Extraction

Figure 1. Operating principle ot Fantron-I
€
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Hyeok-jung Kwon, Proceedmgs of the 1999 Parti

Accelerator Conference, New York, 1999
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Ridgetron

-
-

Fig. 1. The schematic drawing of the Ridgetron prototype. G:

electron gun: L: solenoid lens; M:

ridge; E: electric field.

deflector magnet; R: hollow

The design parameters of the Ridgetron prototype

Operating frequency 100 (MHz)

Input energy

Output energy
Beam power
Maximum gap voltage

Cavity inner diameter
Cavity inner length
Gap length

Ridge width

Quality factor

Shunt impedance

RF power loss

aasvy, B 2 W D%
N. Hayashizaki et al. / Nuclear Instruments and Methods in Physics Research A 427 (1999) 28~32 W b

0.02 (MeV)

2.5 (MeV)
6.5 (kW)
0.5 (MV)

964 (mm)
940 (mm)
140 (mm)
80 (mm)
27 000

V) T - T R
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ADS control unit
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