An Introduction to Accelerators
Part |

Chuanxiang Tang (E{51¥)

Tsinghua University
tang.xuh@tsinghua.edu.cn



mailto:tang.xuh@tsinghua.edu.cn

Outline

1. Principles of Accelerators
2. Contributions to science and others applications
3. A Simple Introduction of Accelerator Physics



Discovery of X-ray

T

“Thirty-five years ago, on November 8, 1895, Wilhelm Conrad Roentgen made the revolutionary

discovery of a mysterious new kind of ray which he called the “x-ray’.” —by Otto Classer, W.C.

Roentgen and the Discovery of the Roentgen Rays, AJR (American Journal of Roentgenology) 1931, 25:437-450, also
be adapted at ARJ 1995, 165:1033-1040.




A brief history of nuclear science
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Scattering Experiment and Atomic Nucleus

Viewing

Ernest Rutherford
1871-1937

Nobel Prize in
Chemistry 1908:

In Rutherford’s words...
‘It was quite the most incredible event that ever happened to me in my life. It was as if you fired a 15-inch
naval shell at a piece of tissue paper and the shell came right back and hit you.”




The birth of particle accelerators

In 1919, Ernest Rutherford used the a from the decay of Ra hitting N. With the nuclear reaction

14N+4He=170O+p, he discovered proton. Later, he calls for "a copious supply” of particles more
energetic than the natural sources. The accelerator era is born.

microscope

fluorescent
screen



An Era of Accelerator Inventions

Rutherford’s plea
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* Engines of Discovery-A Century of Particle Accelerators, by Andrew Sessler and Edmund Wilson, World Scientific, 2006

» A Brief History of Particle Accelerators, Poster, Review of Accelerator Science and Technology, by A. Chao and W. Chou
* Per F. Dahl, Rolf Wideroe: Progenitor of Particle Accelerators, SSCL-SR-1186, March 1992




Accelerators of Until Today

Vladlimir Veksler, E.Courant, SLAC 3km Linac:  LHC: 7TeV Proton
Rusell and cdwin McMillan: S.Livingston and  50GeV electron,  Synchrotron.
Sigurd Varain Phase stability H. Synder: | with 240 Begin o.peration
and William Strong Focusing-  Klystrons, 64MW,  2012: discovered
AW.Hull:  Hansen: o AG and SLED higgs boson
Magnetron  Klystron Synchrotron Do
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Hull A W. The Magnetron. Journal of the American Institute of Electrical Engineers, 1921, 40(9):715-723.
A Brief History of Particle Accelerators, Poster, Review of Accelerator Science and Technology, by A. Chao and W. Chou

George Caryotakis, The klystron: A Microwave Source of Surprising Range and Endurance, SLAC-PUB-7731, April 1998
“The strong-focusing synchrotron- A new high energy accelerator”, PHYSICAL REVIEW Vol 88 No.5 Dec. 1952




1. Principles of Accelerators



Charged particles can be accelerated or decelerated
by electric fields, not magnetic fields
+V _y

A charged particle is moving in the electric field E. The energy it can
gain from or loss to the electric field after a distance of dl, is :

dW =gqgE - dl = gE - dlcos 6

C_) A charged particle is moving in the magnetic field B. The energy it can

gain from or loss to the electric field after a distance of dl, is :

dW =qglv X B) - dl = (ile)-dl— (dlxil)-B—O

Both electric and magnetic fields are important for accelerators, because except acceleration, we
also need to control the charged particles on the orbit by magnetic fields.




Comparing the strengths of electric force and magnetic force
to a particle with one electron charge

Electric force: F = eE, F = eE, which has nothing to do with 111
the speed of the particle. ' ‘
' ' P

Magnetic force: I' = ev X B, which is proportional to the speed of

the particle. ‘ 111 ‘
Y

For a particle moving with the speed of light (which is most of cases
in a high energy accelerator, especially for electrons), the magnetic
force acting on it by a 1 Tesla magnetic field perpendicular to it is:

F =ecB =3 X% 10%V/m = 300MeV/m.

If we use an electric field to give the particle the same force, we
need an electric field of 300MV/m, which is almost impossible. But

a 1 Tesla magnetic fields can be easily achieved.

This is why we normally use magnetic dipoles to deflect and
magnetic quadruple to focus charged particles in accelerators.

By= Gx



Accelerators can be categorized by its accelerating electric
fields , particle orbit or kinds of particles accelerated

High Voltage

High
voltage
l generator

DC high voltage Induction Accelerator RF Acceleration
(static electric field) (Induction electric field) (Oscillating electromagnetic field)



1.1 High Voltage Accelerators

According to its high voltage generator, the high voltage accelerators can be named:
a) High voltage multiplier (Cockcroft-Walton) |,

b) Insulated core transformer,
Electrostatic accelerator ( Van de Graaff) |

C
d

)
)
)

Tandem Van de Graaff
Dynamitron

High voltage breakdown is the main limitation to get even
higher particle energy. Their particle energy is normally less
than several MeV, except Tandem Van de Graaff, whose energy

can exceed 30MeV.

High pressure
Isulation Gas ‘ HV \ (1 +n)V

electron stripping



High voltage multiplier (Cockcroft-Walton)

evacuated

ion accelerating
source tube

NV

==
=

transformer | on
| beam
j Deam
1 1 anaiysis
W N v J/
powers supply

I + DQn+ 1
VouthnVO——b-n(n )Gn+
fC 6

V,: Peak AC input voltage from the transformer (V)
n: Number of multiplier stages

I,: Beam current (A)

£ AC supply frequency (Hz)

C: Capacitance per stage (F)

Crockroft-Walton at FNAL accelerates H to 750keV
https://history.aip.org/exhibits/lawrence/epa.htm



Insulated core transformer

Other methods
Vout:n°k°V° _IbRe

prim q

..................... n: Number of stages

@ DPW compensation k : I\/Iagnetl.c coupling coefficient (=0.9—0.95)
\ Voim: P€ak primary voltage

X 5  Dummy primary winding 7. Beam current
...... R.: Equivalent resistance (diodes/cables)

.............................

€q

J XX X
:ﬁ:% ::Eq ::EN & . s - Secondary winding Rectifier capacitors
.................. Insula’[lng sheet A ‘ o v — . ____: - “ _“
X X & AT a

X X

\ Secondary winding
= N N N m m I \ Primary wingding

Yoke Core columns

Voltage drop is linear with /,, enabling stable high-current operation

e Yang, L.; Liu, X.; Yang, J. Research on Voltage Compensation Methods and Optimization Algorithm for Insulated Core Transformer High-Voltage Power Supply. Energies 2024,17,547. https://

doi.org/ 10.3390/en17030547



Electrostatic accelerator ( Van de Graaff)

metal dome to +
collect positive +
charges

\
)

comb of needles

—

moving belt to
carry positive
charge to dome

comb of needles

10 kilovolts —Ej

+ 4+ + +|+ + + +/ +

AW
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\
(1
X

\

charge source

©1995 Encyclopaedia Britannica, Inc.

beam

10N source

positive particles
accelerated down
from source

insulator

Van de Graaf's very large accelerator built at MIT's Round Hill
Experiment Station in the early 1930s. 43feet above the ground.

e “Engines of Discovery-A Century of Particle Acceleators” , A. Sessler, E. Wilson. 2007



Tandem Accelerator

High pressure
Isulation Gas

The Tandem Van de Graaff Facility consists of two 15-megavolt electrostatic accelerators capable of delivering continuous, or high-

intensity pulsed ion beams in a wide range of ion species at various energies to experimental chambers that are available to
researchers on a full cost-recovery basis



Dynamitron

DYNAMITRON CASCADE CIRCUIT

The high-frequency electrode (typically featuring a stepped configuration) generates a radio-frequency alternating
electric field, which is capacitively coupled through spatial capacitance to the corona rings surrounding the core
column. This signal undergoes multi-stage parallel rectification before being series-stacked to produce a DC high-
voltage electric field.



High Voltage Breakdown

Normally air medium is widely use as an insulating medium
in different electrical power equipments and over head lines
as its breakdown strength is 30kV/cm.

Breakdown Voltage vs. Pressure
(Air - 0.1 inch Gap)
100000 i

o 1 atm
B
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1.00E-02 1.00E-01 100€+00 1.00E+01 100E+02 1.00E+(3

Pressure - Torr

The “Paschen Curve” for air, two flat parallel copper
electrodes, separated by 1 inch, for pressures between

3 % 102 Torr and 760 Torr.

e “Engines of Discovery-A Century of Particle Acceleators” , A. Sessler, E. Wilson. 2007



1.2 Induction Accelerators

side view

vacuum

pipe beam

The original idea is given by Wiederoe’s ray transformer in 1920s

nu"-‘-, = . :A&_
‘.I'.' B - - "

beam Tl

Donald Kerst built the world’s first magnetic induction
accelerator at the University of lllinois in 1940



To keep the elect th bit, th { n
. P electrons on the orbit, the magnetic dBO(t) B dBO(t)
field of the orbit and the average magnetic field = —.

1
inside the orbit must satisfy the 2:1 condition. dt 2 dt

_ 1 _
For By(0) = By(0) =0, By(1) = EBO(t). There are three points satisfying

the condition.
But only the middle one is stable in transverse. WHY?



Linear Induction Accelerator

Core hysteresis loop

Leakage current magnetizes core A
I 7= L—f

C

V:At=AB ‘A

The LIA is suitable to accelerate high current electron beams of several kilo-Amperes to tens of mega-electronvolts,
with pulse width of about tens of nhano-seconds.



1.3 Radio-Frequency Accelerators

The charged particles can be

accelerated to a much higher
energy than the highest voltage of
the machine.

Synchronization is needed for the
particles and the RF fields.

1.3.1 Linear Accelerators: | e /\/
DTL - Drift Tube Linac /ﬂf"""mm\/\
Alvarez linac 1\

RFQ - Radio Frequency Quadruple T
SW Linac | ‘ﬂm\/
TW Linac — -




DTL - Drift Tube Linac (Wiederoe)
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Phase shift between tubes is 180°

As the ions increase their velocity, drift tubes must get longer
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For Widerioe’s DTL : Z=19, A=39, E=25keV
B = 1.000001337,
Ar = 300m

The length of the 2nd drift is about 24.5cm



Alvarez linac

Evacuated metal cylinder
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@ AccSys Technology, inc

Drift tubes

Oscillating electric field




RFQ - Radio Frequency Quadruple
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RFQ +DTL

low energy
beam transfer

. (LEBT)
lon source

radio frequency quadrupole (RFQ)  drift tube linac (DTL)




SW and TW Linac

RF Cavity e | | | 1 TMO10 mode

/2 mode of standing wave 7t/2 mode of traveling wave
accelerating structures accelerating structures



SW Linac

RF window
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The linac of PAL-XFEL

LINAC

FEL radiation wavelength
Electron energy

Slice emittance

Beam charge

Peak current at undulator
Pulse repetition rate

Electron source
LINAC structure

0.1 nm (Hard X-ray)/1 nm (Soft X-ray)
10 GeV

0.5 mm-mrad

0.2nC

3.0 kA

60 Hz

Photo-cathode RF-gun

S-band normal conducting




1.3.2 Circular Accelerators:

Cyclotron
* Cyclotron (Lawrence )
* Isochronous Cyclotron (Thomas)
* Synchrocyclotron

*SSC: Separated Sector Cyclotron

* FFAG: fixed-field alternating-gradient accelerators
* Microtron

Synchrotron
Weak-focusing & Strong-focusing: Alternative Gradient Focusing
Electron synchrotron & Proton or heavy ion synchrotron
*Booster & Storage Ring

E, = qVycos(w, 4 + P,)

Synchronous condition : @, = kaw, where k: integer

And w, = 2x/T, = 2n k=2

For a circle orbit: W, =

hw |C|Q‘CI




Cyclotron (Lawrence )

During 1931-1932, E. O. Lawrence
and M.S.Livingston built the 1st

cyclotron, which can accelerate .

The original one at the
Kensington Museum of
Science in London ——

—”— ;{:} ] = 110 volts A.C.
o= —
ion to 0.5MeV and H, to 1.22MeV, | 1 S fy Corpmeinglens: |} Sis-— i
| 1 | seals °s
with a up to 20 MHz 10kW power : 1IN S
tube. e 5 o Hvdlfoge'-"\'\‘ Vacuum pump

\\\\\\\\\\\\\yvj

ar
¢ 150 volts D.C.
Window e = ” 2 i i Filament — 12 volts D.C.

|\ I'
‘ B ,/

D

[11111I//111/11111/

Deflecting potential

Electrometer

The one at Lawrence Hall
of Science in Berkeley

e M. Stanley Livingston, “Particle Accelerators: A Brief History” , Harvard University Press: Cambridge , Massachusetts: 1969



= The Cyclotron Frequency:
0 LeB | | | - -
W, =— = ~ const ., if the energy increase does not affect the particle mass a lot. So it is not satisfied for
P m
electrons.

w. ZeB Zx1x1.6e”’[C]B|Telsa] V4
= — = = = 15.2[MHz]—B|Tesla]
2n 2mmy 2r X A X 1.66e=2[kg] A

For a proton, Z=1,A=1, with 1Tesla magnetic fields, f. = = 15.2[MHZ]

Z2 0.45
= 1Ne Cyclotron Particle Energy: W = 48(Bp)2X 0.4

= The Cyclotron Particle Orbit: 0.3
222 Ap 1AW s

W =48(Bp) —=>—— = , with AW = 27V, cos ¢, 0.15
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= Phase shift and energy limit of cyclotron:

Taking into account the special relativity, the particle mass is increasing during the acceleration.
M

\/ 1 — (v/c)?
The cyclotron period is also increasing with the mass, and the accelerating phase is changing , if the RF
frequency is fixed.
Finally, the phase will move to a decelerating phase. The particle begins to loss energy. That’s the energy limit of
cyclotron. And also the orbit difference of the neighbor-hood will be near zero. It is hard to extract the particle.
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* Synchrocyclotron

— k In 1946, the first Synchrocyclotron made by McMillan could
produce 195 MeV deuterons and 390 MeV a-particles.

Synchro-Cyclotron (SC) at CERN with 15.7 metres
(52 ft) in circumference started in 1954 and it achieved
600 MeV proton acceleration in August 1957, with the
experimental program started in April 1958.



https://en.wikipedia.org/wiki/Synchro-Cyclotron_(CERN)
https://en.wikipedia.org/wiki/%CE%91-particles

Transverse weak focusing:

Although the energy can be higher, the flux of particles was low until McMillan did something “strange”

I N L
// N\ SN W If we assume the z-component of magnetic field at the
S \ I ‘ lane z=0 is:
£ TP T S i !
A A I S N N . R g B (r) = B.(r.)—, r. is the equilibrium orbit
| S I —1 r - o < VAN n \)
O N U Loy | ﬁ‘ﬁ II r
\ A AU A N O (O S TR R B | I 4
A T ___, R 7 r =r.+ x, with — << 1 and the linear approximation,
\\\\\ \\\ ° I’S
We will find
. . oB ¥+ (1 —nw?x=0
B:BZ€Z+B7.€7. BQZO Z:O .. ( o ) >
| 00 ¢+ noiz=0
From Maxwell’'s Equations:
1 OE o h - .
Y table motion in z and r, we must let:
V-B=0, VXB = uyJ A _ So to have a stable motio and r, we must le
c? Ot
0 1 0B, OB, O<n<l
= ——(rB,) A | = 0
r or r 00 0z

That means B_(r) must decrease radically, and not

0B, 0B, dBZ> A 1( 0 (rB.) 8Br) 0 tasterih 1
| F e r — —_
r 00 07 07 or roore 06 asterthan .




*|sochronous Cyclotron (Thomas)

oB
B,# 0 < £ ()
’ 0 7

Yo keeping the stabillity at z
direction, we need a new

condition, rather than n > 0.

@, Moy
B(r) = ——
Zek
m
B(r) = -
Zek\/ (L2 — ()2
W, f C
Y A
10
) :
; s
: s
4 |
: | equilibrium orbit in a

0 c/2

classic cyclotron
isochronous cyclotron



» Separated Sectors Cyclotron * Spiral Sectors Cyclotron

] Diffusion Pum

p
D ﬁ Pumping,Speed: 12,0001/s

* Beam 1F-oq|;31°pstrc I -ﬂ- i - ’:J

\“\ Main Chnnel ............. -L_U_ N
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Horizontal cut through the Bonn Isochronous Cyclotron




First 500 MeV Proton Beam from the TRIUMF Cyclotron, 1974

TRIUMF's field goes from 0O to about 320 inches radius with maximum beam radius of 310 inches,

ISAC to 2005, up to 100.A

4

New BL ‘o 100/:A 480 - 500 MeV ll
]
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& 180—520MeV //

X
PANG
P

.

.'
J

PROTON AREA

January 1972: TRIUMF staff N\
gather on the lower six sectors of g] o 7 o

3 w B0k g
the cyclotron magnet. 2 | BLIA® St Qe

February 1972: The base of the
cyclotron vacuum tank is turned
over, following installation of the
trim coils and cooling coils

Acceleration of H — ions in the TRIUMF
cyclotron and stripping extraction allows to
provide multiple beams in parallel at variable
energy



The cyclotron can be much smaller with superconducting coil to generate much higher magnetic fields

Cavities in the Cryostat with
valleys SC coils

Extraction lines

Helium?+
(alphas) source

Carbon®*

H,*source Source




Synchrotron
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*Electron synchrotron & Proton or heavy ion synchrotron

For electron, £, = m002 = 0.511MeYV, it is quite easy to get a speed of almost that of light, / ~ 1, v ~ c,

u(t C
which is a almost constant. w, (1) = ka(t) = o) ~ k— = constant.
o ro
o . . 1 W
For Proton or heavy ion, its mass is several thousand times of that of an electron. y = =14 :
V1-p kg
Its speed is not near that of light. The rf frequency must changing along its energy increasing.
0(1)
W, (1) = koo, (1) = k—— et |
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» Strong-focusing: Alternative Gradient Focusing

1
Weak focusing: B(r) = B(r)—, 0<n<
rn

Strong focusing: n(6) > 1,

and,

n(f) < — 1 alternatively.

Typical proton orbits in a constant Typical proton orbits in an alternating
gradient or We':‘c‘;:zf"::'l"g proton gradient or “strong-focusing™ proton
* synchrotron

Size comparison between the
Cosmotron's weak-focusing magnet (L)
and the AGS alternating gradient focusing

magnets



E.D.Courant, M.S.Livingston, H.S. Snyder and J.P.Blewett
demonstrating the relative cross sections of the Cosmotron magnet
and a speculative alternating-gradient magnet of very large gradient.

The vacuum chamber of the
6 GeV Bevatron could fit whole physicists

e M. Stanley Livingston, “Particle Accelerators: A Brief History” , Harvard University Press: Cambridge , Massachusetts: 1969




Magnet quadruple

The surfaces of the poles of quadruple are
hyperbola :xy = const.

Thin len approximation:

Thin-len focusing , defocusing quad. and a drift of length
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Synchrotron Accelerators




Large Hadron CO"ider (LHC) http://home.web.cern.ch,2015



http://home.web.cern.ch,2015

 FFAG accelerator

rf-cavity

DL D
1600 MeV
1000 MeV

200 MeV —

\\ \ combined function dipole

iy

injection

-
\

-

=

" extraction

i\ The proton FFAG accelerator developed at Kyoto University
Research Reactor Institute (KURRI), Japan, for a basic
experiment on accelerator-driven systems. A third injector ring

IS located outside this image frame.
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 Microtron

N\ AAN_\_ D\~ °
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W,r = kywgy = constant ky = k; + (N — 1)Ak

The synchronous condition is achievable for electrons,

AE
for its E0=0.511MeV, Ak = ? = 1nteger.
0




1.4 Plasma Wake-Field Acceleration

; Laser pulse

Trapped electron ~__
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Each line represents one kind of acce
after that time, but

Livingston Chart
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FIG. 34. Energies achieved by accelerators from 1932 to 1968. The linear
envelope of the individual curves shows an average tenfold increase in

energy every b years.
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