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« Introduction

Introduction

o An accelerator propels charged particles, such as protons or electrons, at high speeds, close to the
speed of light.

« The accelerated particles are smashed either onto a target (“Fix target experiment”) or against
other particles coming from the opposite direction(“Collider experiment”)

« By studying these collisions, physicists are able to probe the world of the infinitely small and solve
the mysteries

Application

Fundamental physics

Medicine
Particle physics Chemistry
Nuclear physics Biology
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Introduction

Introduction

An accelerator accelerates particles, f = Y/, »— 1 (close to speed of light c)
Then total energy E1 of a particle is the sum of its rest energy E, and its kinetic energy T
Eo=FE~+T=mc24+T E\, for some particles are
T 0 shown in the next page.

The total energy Er can also be expressed in terms of the gamma factor

1
E; = ymc?, where y = ——
1 - p2
M
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Introduction

Introduction

Rest energy: E, (example)
electron e 0.511 (MeV)
muon u 105.659 (MeV)
proton p 938.26 (MeV) Heavier particle
b quark b 4735 (MeV)
upsilon Y(4S) 10580 (MeV) 10.58 (GeV)

. - —
Phi = 121.9 Deg "
n Et = 277.4 GeV = & max = 147.8 G

High(er) energy accelerator is needed to
generate heavy (heavier) particles

B THIS IMAGE, COURTESY OF FERMILAB, SHOWS A COLLIDER DETECTOR EVENT THAT CAPTURED A POSSIBLE TOP QUARK PAIR CANDIDATE. TRACKS SHOWN ARE FROM THE DECAYS OF TWO TOP
QUARKS PRODUCED IN A COLLISION. DEEPER KNOWLEDGE ABOUT THE CHARACTERISTICS OF THE TOP QUARK COULD BOOST OUR UNDERSTANDING OF THE FATE OF OUR UNIVERSE.
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« Introduction

Introduction

Energy units often used
The kinetic energy gained by an electron accelerating from rest through
an electric potential difference of 1 volt in vacuum.

N + Units used in accelerators
103 eV 1 keV

| - 10% eV 1 MeV

| v 10° eV 1GeV

1‘ 1012 eV 1 TeV

V(/heanlV—>1€V
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« Introduction

Introduction

How to accelerate particles

A particle of velocity v, charge q, passes through magnetic field B
and an electric field £, it receives the Lorentz force,

the combination of electric and magnetic force.

F = q(F + oxB)

The energy change AU when a particle moves from point 77 to 5 is

Acceleration by the use of electric fields }
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« Introduction

Introduction

How to control the particle path

A particle of velocity v, charge q, passes through magnetic field B

and an electric field E, it receives the Lorentz force,
the combination of electric and magnetic force.

F = q(F + oxB)

Path control by the use of magnetic fields

Path control
Passage of the particles is called orbit
Orbit control - to deflect, to focus, to defocus ...

—>Next : History of acceleration technique
(i.e. various electric fields)
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« Brief history & major inventions

Brief history & major inventions

“The early history of accelerators can be traced from three separate roots. Each root
is based on an idea for a different acceleration mechanism and all three originated
in the twenties”

A BRIEF HISTORY AND REVIEW OF ACCELERATORS
P.J. Bryant, CERN
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« Brief history & major inventions

Three separate roots

R B
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A BRIEF HISTORY AND REVIEW OF ACCELERATORS
P.J. Bryant, CERN
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Brief history & major inventions

Brief history & major inventions

Livingston's curve : Energy vs. time

100 GeV e From PARTICLE ACCELERATORS by Livingston and John P. Blewett, 1962, p. 6.
€ g I —
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Fig. 1-1. Energies anchieved by accelerators from 1930 to 1960. The linear envelope
of the individual curves shows an average tenfold inerease in energy every six
years.
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« Brief history & major inventions

Dawn
The first nuclear reaction by Rutherford

Fluorescent
i — material a _|_ 1%‘1\, — p _|_ 150
gas

" )
’ /\.

https://en.wikipedia.og/wiki/Ernest_Rutherford

He demonstrated in 1919, that alpha particle could knock
protons out of nitrogen nuclei and merge with what was left
behind.

ive material

This inspired physicists to seek more nuclear

' reaction using an accelerator

Next: the first root

\ /
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« Brief history & major inventions

15t root
DC generators for providing electric fields for acceleration

DC Generators:two major methods

e Cockcroft & Walton’ s 800 kV voltage-multiplier circuit with capacitors
and rectifier tubes

e Van de Graaff’ s 1.5 MV belt-charged generator (1931)

Cathode Anode

q
>

—

7"_2)_> r2—>
AU:j F-df=qj B.d7
7"_1) —

1
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: Brief history & major inventions COC kc rOft'Wa |to n : i l ;/‘
’ o . o . . . . 10,000 ;%’
First disintegration of atomic nuclei with = | 41
| A
accelerator = y
|| A
Cavendish Laboratory [ / 41’,;/ 7 e
1932, Cockcroft and Walton used their machine to accelerate protons, and L | A
H . . . . 10— L;"EZ/?{ ;l -
directed the beam of protons at a sample of lithium. This resulted in i /j;;/_;u/,/,« 1
changing lithium atoms into two helium atoms. They had disintegrated — R 4 ::{_
“smashed” — the lithium atom by means of artificially accelerated protons. w4 }
ng + %H - ‘2}]—[3 + ‘zl'He + energy e e T !

High voltage is provided by
. . [ =]
charging capacitors and -
discharging them in series.
2
3
g
3]
7
2 Example
I 750 keV Cockcroft-Walton
o
< [o]

at KEK't
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. i T
. Brief history & major inventions COCkcrOft—Walton: 0 | 7/4
’ o . o . . . . 10,000 — ;{’
First disintegration of atomic nuclei with = | 41
r n I E
accelerator e R =
1| | A
§ 10— J‘._ pd :II ;r/ f’ —
1%} The Nobel Prize in Physics 1951 ? Df"ff';"":’: [ |
John Cockcroft, Ernest T.S. Waliton ':.F’ ,/2/';1!7’ 5 == i |
¥«
1] . . . o e . 1, 3
Transmutation of atomic nuclei by artificially °:;"£/;_i =
accelerated atomic particles" r |

19%0 1938 1940 1945 19%0 1955 1960

Protons produced 7 1 4 4
in a hydrogen 3Ll + 1H - zHe + zHe + energy

/ discharge tube are

injected into the tube
400 kv On 14 April 1932 Walton set up the tube and bombarded
R lithium with high energy protons. He then crawled into the
little observation cabin set up under the apparatus and
200 kV— . . s
b immediately saw scintillations of the fluorescent screen.
Accelerating beam
| UA of protons
ot The reaction was giving off o particles.
0 kv ) http://www-outreach.phy.cam.ac.uk/camphy/cockcroftwalton/cockcroftwalton9_1.htm
Alpha-particle, 4 | KL Microscope
4 \" ' ‘

Lithium Target
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« Brief history & major inventions f ' A
/

Van de Graaff N 72

L A
l”" i : ; ﬁ’;"f&fjgii
The Van de Graaff generator was developed, starting in 1929, ?w L ;:;
by physicist Robert J. Van de Graaff at Princeton University. 1 4%

Today, up to ~10MV.

An electrostatic generator which uses a
moving belt to accumulate very high

voltages on a hollow metal globe on the top
of the stand.
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« Brief history & major inventions

Limits on Electrostatic Accelerators = 71

DC acceleration is limited by high-voltage
breakdown

Typical breakdown voltage for a 1cm gap of parallel metal plates

Air latm ~30 kV
SF6 (Sulfur hexa-fluoride) latm ~80 kV
SF6 7atm ~360 kV
Transformer oil ~150 kV
UHV ~220 kV

From K. Takata “Fundamental Concepts of Particle Accelerators”
http://research.kek.jp/people/takata/home.html
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Main use \
Gas circuit breakers for electrical
insulation, gas insulated

substations, electron beam
accelerators, electrical

\transformers, tracers /




« Brief history & major inventions

2"d root
Drift tube: From DC to AC, Radio-Frequency “RF” accelerators

The principle of the acceleration with alternating fields was proposed by G.Ising
in 1924,

R. Widerde accelerated alkali ions (K+, Na+) up to 50 keV (25kV X 2) using the
accelerator based on alternating fields (1 MHz) and drift tubes in 1928.

The particles must be

synchronized with the rf fields in
the accelerating sections.

1\
RF lon \/

@ So urce]

H)— Beam
@
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« Brief history & major inventions

D rlft tu be: From DC to AC, Radio-Frequency Accelerators

Concept of Widerde accelerator

Evacuated Glass Cylinder

i = =

Source

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

Prototype of the linear accelerators.
The idea of rf acceleration is also inherited to the circular

accelerators.

—> —
A 5 = —
_’ ]
A |
Yy & & &
%EE
e\ e & &
\ 1

— — =
- = =

We need longer tubes and gaps as energy increases
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nast hardure components. CyC I OtronN: from bcto AC, Radio-Frequency Accelerators

First “circular” accelerator

Now we need magnetic field for
controlling the orbit

~—
https://www.aps.org/publications/apsnews/200306/history.cfm Top view

Wideroe's linear scheme inspired Earnest Lawrence to think about how one could use the same
potential multiple times instead of just once.

Using a magnetic field to bend charged particles into circular trajectories

and thus pass them through the same accelerating region over and over again.
(Lawrence’s cyclotron, 1931)

At the beginning of WWII, the skills of cyclotron builders in the US were diverted to the task of electromagnetic separation of uranium.
“FIFTY YEARS OF SYNCHROTRONS, E. J. N. Wilson, CERN, Geneva, Switzerland”
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L Sascharduare components. CyCIOt FON: From DC to AC, Radio-Frequency Accelerators

First “circular” accelerator

-

(2) An oscillating voltage was applied
to produce an electric field across
the gap between Ds.

(4) The electric field in the gap then
accelerates the particles as they
pass across it.

N\

J

(1) A cyclotron consisted of
two large dipole magnets (Ds)
designed to produce a semi-
circular region of uniform
magnetic field.

®B

J

(3) Particles injected into the
magnetic field region of a D trace
out a semicircular path until they
reach the gap.

N

J
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« Brief history & major inventions

CyC I Ot FON:. FromDCto AC, Radio-Frequency Accelerators

First “circular” accelerator

Suppose uniform magnetic induction B is applied perpendicular to the velocity
v of a particle with mass m, charge q:

The Lorentz Force F = qﬁxl_?) produces a circular track.
Relationship between momentum p and radius 7:

For non-relativistic case:
p = mv

The particles can be excited at a fixed
RF frequency and the particles will
remain in resonance throughout
acceleration.

Cyclotron frequency f;-., and radius r:

B
frev =Y/ onr = 1 /an Défrequency is independent of velocity

r = mv/qB [l radius is proportional to velocity

JENNIFER2 July 19-27, 2021



. Bastharduare components CyCIOt FON: From DCto AC, Radio-Frequency Accelerators

First “circular” accelerator

Limits

When particles become relativistic
the mass of the particle increases as

m - my
which results in

—> decrease of Wyey (27 frey)
— asynchronism with RF

Some attempts made:

o Magnetic field distribution

o Changing rf freuquency so that ...
But no drastic improvement beyond
20 MeV with protons.
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Brief history & major inventions

100,000

10,000

pugen 3 -4

-
-—¢ Cyclotron
| No drastic improvement beyond 20 MeV with protons.

Next : Betatron

Non-RF acceleration

Magnetic induction is used for
Generating the electric field

o

NN

-

| BV

Lkl Rk A 8

1940
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Brief history & major inventions 3 rd ro Ot

Betatron: use of electric field induced
by magnetic induction

The first successful betatron was built by
Donald Kerst in 1940,
accelerating electrons to 2.2 MeV.

-, OB
VXE + — = (0 Maxell’seq.

i I
\ /f
| /]
10,000 pr—— T ;,’
i ! ‘ ‘ 4 /7 /
| VAV
| ! /
1,000 ! | -
-~ | | |
‘ Vidars
F— -l~ ' /1! / 7 t
e
Y it
| A - ‘
S| SN i L
I — T
|
| N
19%0 19%% 1960 1965

4 . ot
- b. > ) . —>
http://physics.illinois.edu/history/Betatron.asp - - aB - aq)
E-di=|—-d§=-—
0 dt
z
! laminated iron core
coil-1 coil-1
N N-pole - glass tube
O |

field is used for acceleration

\_/ \&;/fl ~ beam
] ] S-pole ]
coil-2 s coil-2

Faraday's law of induction

The electric field induced by a varying magnetic
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« Brief history & major inventions

Betatron: non RF, accelerate electrons

(beta particles)

laminated iron core

coil-1 coil-1
Lﬁ\ N-pole /RA glass tube N
‘5‘\\,,,, \‘:‘j:—v w;ij”: -:\i;: beam f E dZ) 0B d S—: s L0))
7 Sqole L . = - = ———
coil-2 p £l coil-2 a t a t
The electric field induced by a
varying magnetic field is used for
oD dB_ acceleration
27TpE9 = —a— = 7'L'p2 z
t dt Not dependent on mass.
dp 1  dB. Good for relativistic (light
M —qEg = 5P mass) particles!
d(mv) d { : }
Fy = qEy = o (quZ) _ qp (2) Different from Cyclotron
ap, 1 dB, From (1) and (2) we obtain the condition for constant orbit for betatron.
dt ~ 2 dt “2:1 rule” (Widerde, 1928) or “Betatron two for one condition”

The magnetic field at the orbit must be half the average magnetic field
over its circular cross section
JENNIFER2 July 19-27, 2021



« Brief history & major inventions

Betatron: what we learned from betatron (1)

From the analysis of transverse oscillations of particles we

—>obtained an understanding of the orbit
—>developed the theory of betatron oscillations of today

Orbit theory
=» We learned about conditions for a stable orbit from betatron
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« Brief history & major inventions

Betatron: what we learned from betatron (2)

Magnetic field by this magnet is not uniform but still cylindrically symmetric.

Therefore it can be written as

B
_ P AB/B
z B,(r,z) [T ]n n= / (fied index)
laminated iron core / P Ar/r
If the particle passage (orbit) is near the central orbit, r = p
, B n
coil-1 B,(p+x,2)= £ = =B, (1 — —x)
[(P + x) / ] p
pole " glass tube P
| 8 From Maxwell’s equation
_J~ beam
pole g 6Br _ aBZ —0
To dz  Or
cotl-2
B.(r.2) nB, ~ R Z
b\, 2) = n+1 P (_n_>
"/ P
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« Brief history & major inventions

Betatron: what we learned from betatron (2)

B nB ~ z
B,(p+x,2) = @ ;’)/p]n =B, (1 _fx) B.(r,z) = — [r/p]fm z=B, (—n;)

Using the first order approximation of the field above

we obtain eq. of motion for horizontal direction x as
¥+w?’(l—-n)x=0

for the vertical direction z as

7+ w?nz =0 Wy = wVl—=n
w, = w\n
. . . . Vy =V 1-n
The oscillation is stable if O<n<1 v, = n
L=
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« Brief history & major inventions

Betatron: what we learned from betatron (2)

Concept of Weak Focusing

¥+ w’(1—-n)x=0
74+ w’nz=0

If 0<n<1, stable oscillation in BOTH horizontal and vertical plane!

But n<1 .... This is why this scheme is called “Weak” focusing.

If you want to achieve higher energy, stronger focus is

needed.
And you need a large magnet to generate magnetic field

to cover the beam path.

-

Discovery of “strong focusing”
1949 by N. Christofilos
1952 by E.D.Courant, M.S.Livingston and H.Snyder

N\

Explain about strong focusing in a
couple slides later

J Next
Synchrotron
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« Brief history & major inventions

100,000
ot

ron Synchrotron

Synchrocyclotron

E /
S
10,000}: “,{%

.

s000f ‘a‘f Elect
}

1,000}
i /e

(3) Betatron

® weak focusing, large magnets needed

ativistic particles
I

was needed =

- /
E 100 #
: unsc.
o 50E Lﬂf/ l-o l
~% (2) Cyclotron (rf)
-
L~ © does not work well for rel
lO.L Df | ! i
- (1) Electrostatic (DC)
5E / ® breakdown
- L ]
% ’é o Three roots (1),(2),(3) were already put into a
: é‘l@‘ practical use by 1940’s.
05 /6- . ]
P For higher energy, a new idea
i Synchrotron
Q‘AJA P . MIJIIIJAIJIIIILJLAIUIJI
1930 1935 1940 1945 1950 1955 1960
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« Brief history & major inventions

Syn C h rOt ron. Radio-Frequency (RF) Accelerators

RF acceleration - the arrival time of the particles to the RF gap is important

Limiting factor was
Particles of different energies (larger or smaller) energies have
differences in velocity and in orbit length;

—>particles may be asynchronous (&2) with the RF frequency

Discovery of Phase stability()
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! o raarcomponns Discovery of Phase stability:

Breakthrough in 1945

Phase stability principle
Vladimir Veksler (1944) and Edwin M. McMillan (1945)

proposed Synchrotron

Sinusoidal RF Wave

Vo

Phase stability
/ The RF field has a “restoring force” at a certain

o Pphase

The particles stay synchronous
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Brief history & major inventions

Phase Sta b| | |ty “restoring force” at a certain phase

For the case where particles with AP >0 travel AC>0

Particles arrive at the gap earlier AC = O
(i.e. particles with AP < 0)

Receive more energy

=will travel AC>0

=will arrive at the gap later.

| Va

/ Example of a circular orbit

o Particles oscillations around ¢
(Synchrotron phase)

Particles arrive at the gap later
(i.e. particles with AP > 0)

Receive less energy “Synchrotron oscillations”

Swill travel AC<0 . in the longitudinal direction
=will arrive at the gap earlier.

p _VO

JENNIFER2 July 19-27, 2021



« Brief history & major inventions

Phase sta bl I |ty “restoring force” at a certain phase

The RF field has a restoring force at a certain phase, around which asynchronous
particles be captured, that is to say “bunched.”

— This enables a stable, continuous acceleration of the whole particles in a bunch to
high energies.

Particles are bunched

There are many particles in a bunch, circulating many turns
tens of thousands, for example.

“Storage ring”

Circular accelerators based on this principle are called “synchrotron.”

JENNIFERZ2 July 19-27, 2021



« Brief history & major inventions

laminated iron core

PR <1
jole

A e
.
To T [

coil-1

glass tut

)
/7 beam

cotl-2

Before strong focusing, it was “weak focusing”

O<n<1

Proposal of strong focusing/
alternating-gradient (AG) focusing

AB/B

- Ar/r

(fied index)

Magnetic field to cover the entire region
Focusing in both horizontal and vertical plane is possible

Nicholas C. Christofilos (1950)
E. Courant, M. Livingston and H. Snyder (1952)

proposed strong focusing, also known as alternating-gradient (AG) focusing.

What are different from “weak focusing”?
o No limitations for the n value.
o Focusing in one direction, defocusing in the other.

Is this a problem? }
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« Brief history & major inventions

Strong focus: Alternating gradient synchrotron

No, it is not a problem, because

Analogy with optical thin lens

— u'jf —_ =4 — — —
F i f2 hf
—— 1/ |,

= Up Y o __hifs

! L v fl + fZ — L
The deflection (u) is always greater at F than D. fHh=—f=-

Obtaining a net focus by combining F- anf D- magnets The overall foc;l length is

is called “strong focus”, as no constraints on n. F=2<p

L

Entire orbit does not need to be covered by magnets‘&.

Each magnet can be smaller. Since it is positive,

net focus

JENNIFERZ2 July 19-27, 2021



« Brief history & major inventions

Strong focus: Alternating gradient synchrotron

For very high energy particles, magnetic force is much larger than electric
F = q(ﬁ + ﬁxﬁ)

For example, compare
B=2[Tesla] and 10kV/mm (10MV/m)

Both are reasonable numbers for today’s accelerators.
Use 2 [T] =2 [Wb/m?2]=2 [V * s/m?]
The magnetic termis 2 [V*s/m?] X 3 = 108[m/s]=6 = 108V/m=600MV/m >> 10 MV/m
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« Brief history & major inventions

Strong focus: Alternating gradient synchrotron

7 Y Positively charged particle moving into this paper.

Y o o
Y C<I
- x O .

o B =
l Quiz) What is the force on the particle at points A, B and C?

Focusing in horinzontal direction and defocusing in vertical direction.
Let’s call it “Focusing” or “F-type” quadrupole magnet.

If the polarity is reversed (N and S are reversed), defocusing in horizontal and

focusing in vertical.
We call it “Defocusing” or “D-type” quadrupole magnet.
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« Brief history & major inventions

Strong focus: Alternating gradient synchrotron

Synchrotron basic components

Vacuum pipes
To cover the beam passage

Extracted beam

Vacuum pipe

Magnet

Magnets
Dipole magnets for bending
Quadrupole magnets for focusing

RF cavities
To accelerate/compensate for lost energy
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Brief history & major inventions

The strong-focusing principle had a big
impact on the accelerator design

=== Weak focusing technic

Strong focus vs. weak focus

1 e
ol e vy i -‘r-:"k‘ o
o i

JSefferSon Lab Thomas Jefferson Nationa Accelarator Faclity e €A

VAT Seasiawm R Bee 16

10 times higher energy was /
obtained with only 2 times ,
larger amount of steel 4

/
/

/ 7 strong focus
Weak focus

—_—— "’" 33GeV AGS
3.3GeV Cosmotron I 33GeV AGS

Steel Energy

http://www.bnl.gov/bnlweb/history/focusing.asp
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« Brief history & major inventions

: Alternating gradient synchrotron (AGS)

http://www.bnl.gov/bnlweb/history/nobel/nobel_76.asp

Discovery of the J/psi Particle

The 1976 Nobel Prize in physics was shared by a Massachusetts Institute of

Technology researcher who used Brookhaven's Alternating Gradient N\ ,/
Synchrotron (AGS) to discover a new particle and confirm the existence of :
the charmed quark. "L_ AGS to RHIC
_ ) _ ) | line (ATR)
Samuel C.C. Ting (at left, with his research team) was credited for finding ;
what he called the "J" particle, the same particle as the "psi” found at nearly 1.\ Experimental
the same time at the Stanford Linear Accelerator Center by a group led by /_/ : Bdoster. ¢ 3 Area
Burton Richter. The particle is now known as the J/psi. A \ "Q_-__x.‘ v -
J??%“‘-’ : 3

Ting's experiment took advantage of the AGS's high-intensity proton beams, : 2\\\ ]
which bombarded a stationary target to produce showers of particles that n 3
could be detected by complex detectors. A strong peak in electron and GS ;S k J
positron production at an energy of 3.1 billion electron voits (GeV) led Ting to \\\\8\ — ;"\ /‘E@

. ; N SRR S
suspect the presence of a new particle, the same one found by Richter. N P =g J?/

\'\ . Y /

Their discoveries not only won the Nobel Prize; they also helped confirm the \
existence of the charmed quark -- the J/psi is composed of a charmed quark "'\ Tandem
bound to its antiquark. N Van de Graaff

e e 2
p + Be — ] /Y + anything

Samuel C.C. Ting and his research team.

28 GeV protons on a beryllium target ]
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Brief history & major inventions
collider
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Brief history & major inventions

Brief history and inventions before 1960

Cyclotron

*Multiple acceleration by RF, Orbit changes with energy

*Entire orbit covered by magnets

*Synchronization becomes difficult as particles become relativistic.

v" Discovery of Phase stability principle in1945 Betatron )
= Synchronization issue is solved. *Acceleration by magnetic induction
Weak focusing *Constant orbit
j *Entire orbit covered by magnets )
v" Discovery of Strong focusing 7 Orbit stability/theory )
Betatron oscillation, Weak focusing
Iy 252 We learned a lot from Betatron .

\

Birth of Synchrotron )

*Entire orbit is not needed to be covered by magnets.

*Can reach much higher energy >10 GeV

=>» Can go Even higher in energy? )
L Keeps particles stored at a
. Storage constant energy for a lon

Collider 8e _Jc &Yy &
Ring time (storage).
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« Brief history & major inventions

Experiments
before ~1960

Beam (Erand p;, my)

Fixed target
my

Colliding beams

y

Beam (Erand pr, my)

R

2

Collider

Lorentz
invariant

Er = (1 + y)mc?
Pr = Bymgc

o a—Bly = (Po)*— E}
= (Bymgc - ©)* — [(1 + y)myc?]?
= —2(1+y)(moc?)?

“Ecm =21 +y)moc? = /2ymqyc?

E- ) = 2ymyc? > \/2ymgyc?
A\

? collider [ Fixed target |

<

ani (Erand pr, my)

Collider(x

Higher energy than fixed target

Collider&s
Collision rate is lower
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(c)

Fig.1.11. (a) Beam routing. Small distortions to the circular trajectories make
the two beams overlap only at a few selected places. The small circles denote the
collision sites, at which the detectors will be aimed. (b) Beam bunching. Here
particles come in concentrated volleys or “bunches” (the grey blobs); being evenly
spaced, the bunches from the two beams will meet only at certain regular intervals.
(c) By combining routing and bunching, one can further customize where and when
collisions may take place.

Collision-based computing, Andrew Adamatzky (2002)

ke - i
‘.’ NI
by i 3
—e= T by Ny

ADONE 1969
C=105m

E.n <3 GeV
nolJ/vy ...

Collider: the first collider (e'e*):AdA

(Anello di Accumulazione) and happened to be Bruno Touschek’s aunt’s name.

Orbit'radius = 65 cm,

250MeV X 250:MeV

Operated 1961-1964.

Many feasibility experiment's‘with is working
model.

Followed by a full-size collider ADONE




Brief history & major inventions

COI I |d €rl. Eraof large circular colliders, energy frontier machines

100 =
= . ®
— | Proton X (anti-)proton, e.t.c. ssc(ud)
. LHC(Eur%Se)
10
&
Q =
B =
= Tevat&on(US)
L
1:‘
- &
g SppS(Europe)  oicius)
.t @
0.1
— ®
= ISR(Europe)
T Serpukov(R)
0.01 l . T I I T I
1960 1970 1980 1990 2000 2010 2020

Lecture by K.Yokoya “Summer Challenge 2008” @ KEK
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Brief history & major inventions

CO I I | d er. eaof large circular colliders, energy frontier machines

Lecture by K.Yokoya “Summer Challenge 2008” @ KEK

1OOG: I I
= Electron X positron Ca/'
i LC
SLC (US) s (; ;;-‘-\
=M= o
D - PETRA (D)
S - b TRISTAN (J)
= | PEP (US) !
(&)
DORIS (D) VEPPAM (R)  KEKB (J)
w — @ CESR (US) ®
= PEPII (US)
= SPEAR (US) )
- BEPG (China)
o @ ADONE (1)
e —— Qo
- @AdA(l
-] @AdA( ADONE E,. < 3 GeV
0.1 T T [ |
1960 1970 1980 1990 2000 2010 2020

AdA (250MeV X 250 MeV)
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Brief history & major inventions

CO I I | d er. eaof large circular colliders, energy frontier machines (Tevatron)

Tevatron (Fermilab)

1Tev proton X 1TeV anti-proton
6.3km circumference

4.2 T superconducting magnets
1983~2011.9.30

£ Fermilab ') ENERGY

® |
us)
r.HC(Eurc )

S5C(

Proton x anti-proton

=)

Ecn(TeV)

Tevatron(US)
®

[ ]
SppS(EUrope)  picius)

d ISR(Europe)

Serpukov(R)

1970




Brief history & major inventions

COl | | d er. eaof large circular colliders, energy frontier machines

SPS (Super Proton Synchrotron) -

SppS(Super Proton Anti-Proton Synchrotron) @CERN SPS (SU per PrOton SynCh rOtron)
T oMs ~7km in circumference
e o 1976 commissioning
ALICE LHCb

From a one-beam accelerator into a two-beam collider,
SppS. D. Cline, P.Mcintyre and C. Rubbia

Collision of a beam of protons with a beam of
antiprotons, greatly increasing the available energy in
comparison with a single beam colliding against a fixed

target.
o /

11 conversion

LHC Hart.v:vHacl'vr'_‘l' (“:)1‘(19: ) ‘iil‘“ ‘V'VI-"‘:H ton Synchrotron PSS Proton Synchrotron 1981 Spps \/E o 540 GeV
CNGS Cern Neutrinos to Gran Sasso | t
http://public.web.cern.ch/public/en/Research/UA1_UA2-en.html Rev. Mod. Phys. 57, 689-697 (1985)
Stochastic cooling and the accumulation of antiprotons

CHl - - :
> = . StOChaslf'C C°d°"r_‘g L etoring 1983 Discovery of W* & 70
(=]l )| Ee\z’:\xsoofp;?oticrzzgofgnt?é?glpognsense Nobel prize for Van der Meer and Rubbia
(=]=) S. Van der Meer

— =) \ %
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Brief history & major inventions

CO I I | d e I". Eraof large circular colliders, energy frontier machines (LHC)

Quantity number

Circumference

Dipole operating temperature
Number of magnets

Number of main dipoles

Number of main quadrupoles
Number of RF cavities

Nominal energy, protons
Nominal energy, ions

Peak magnetic dipole field

Min. distance between bunches
Design luminosity

No. of bunches per proton beam
No. of protons per bunch (at start)
Number of turns per second
Number of collisions per second

26659 m 27 km!!!
1.9 K (-271.3%)
9593
1232
392
8 per beam
7 TeV
2.76 TeV/u (*)
8.33T
~7 m
1034 cm=2 571
2808
1.1 x 1011
11 245
600 million

http://public.web.cern.ch/public/en/LHC/LHC-en.html

IOG.;‘ ‘

= e °
7 Proton x anti-proton SscUS

|1.HC(EI1'86)

Ecn(TeV)

Tevalgon(Us) A

<= | . /

. SPPS(EUOPE)  pyycus)

-1 ®
&t

ISR(Europe)
Aug.2009

E . [ 3.5x3.5=7TeV

]Pbp-\-Cé@

00 T T T T T T T
1960 1970 1980 1990 2000 2010 2020
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« Brief history & major inventions

COI I |d er. Eraof large circular colliders

Ecp is important parameter for a collider
But there is another important key parameter for a particle accelerator

Luminosity

Luminosity gives a measure of how many collisions are happening in a particle accelerator,
so we're often asked why we don’t just say collision rate. It’s a very reasonable question.
The answer is because luminosity isn’t strictly speaking the collision rate: it measures how
many particles we’re able to squeeze through a given space in a given time. That doesn’t
mean that those particles will all collide, but the more we can squeeze into a given space,
the more likely they are to collide.

https://home.cern/news/opinion/cern/luminosity-why-dont-we-just-say-collision-rate
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« Brief history & major inventions

COl I | d er. Luminosity

Fixed target
Beam on solid (usually) target No. Y Lo
! NeyNe_f

Collision guaranteed
Collider A
(4

Bunch against bunch [the number of

A ATA*

Some (most) stream through the other particles per unit area
per unit time

ANy = " ) axa
7 Znaxayexp 205% 2057 rey

N, N_ oo x? N,_N_ N, N_
L:dez u fz exp( *2>dx= +*C—> +*CR
( 210, a;) Amtoyo,  4mo,0,

Ox

*More particlesin a bunch
*Frequent collision > Higher luminosity
*Smaller beam
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« Brief history & major inventions

Luminosity (cm'23'1)

Mainly e+e- colliders are shown

CO I I |d er. eaof large circular colliders

SuperKEKB

10 %%— : ~ - ;

. Next-generation B-factories
103 ...... . ............................................................. FaCtory maChineS . .........

Luminosity frontier Two important

»KEKB ILC LHC parameters
L BRER ol s M froveenalBigll | Eporay

o Luminosity*

CESR
103 ...... , ............................. et ensanasssetssassrass b bassnsssseasesnerssssasasnsts Bopsosnasssasassnsresassasnsresss nssasnss
10% . DAENE .. ... . GLEPL -

? DORIS PEPFRISTAN

BEPC' . .LEP High Energy Machine

1031 VEPP—2M° o 4IK%TR§ ...................................... Energy frontier

'8 SPE E |
1039 ... ................................. ..........................................................................

 JADONE §

lli 1 Y 0 | Il; 1 1 1 L Il L 1 1 1 I 1 1 [ e S | Ili
2 3 4
1 10 10 10 10

CMS Energy (GeV)
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« Brief history & major inventions

Luminosity

CO I I | d e r: Era of large circular colliders, luminosity frontier machines

1036

Peak lumonisity trends (e+e- colliders)

SuperB Target

1035 |

1034 !
33

1077

1032 i

I |

. | SPEAR

107 +

10°°

ORIS7/ PETRA

|

SuperKE}iB Target

1970

1980

1990 2000

Year
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« Brief history & major inventions

Collider: eraof large circular/linear colliders

1. Circular ? Linear? 4+ Magnetic field
Synchrotron radiation / Synchrotron radiation
2. Types of accelerators Charged particle
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« Brief history & major inventions

1. Synchrotron radiation

*Synchrotron radiation (SR) is emitted from an electron (a charged particle) traveling at
almost the speed of light when its path is bent by a magnetic field. As it was first
observed in a synchrotron in 1947, it was named "synchrotron radiation".

*Stored electrons run on a circular orbit and emit synchrotron radiation with a
continuous spectrum when they encounter the bending magnet, which results in loss in
energy.

*Recovery by RF is possible but eventually as you go higher in energy the loss and gain

balances.
¢ * Magnetic field Eloctron~
Beam
/’ Synchrotron radiation 21

B ) i _ Synchrotron Radiation
Charged particle
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« Brief history & major inventions

1. Synchrotron radiation

SR is an electric dipole radiation from a charged particle in acceleration b

Radiation power in the rest frame is given by Larmor’s formula:

2r,m, <dv>
j 3; dt _15\> p o 2rme [d(yv)] [d(VC)
Te = W = 2.82X%10 (m) 3c

classical electron radius

The radiated energy per turn AE for a ring of radius p

AE 4 T‘ 3. 4 For relativistic protons and electrons of the same momentum, the \

meCZ = 3 P |4 energy loss is in the ratio (m,/m_)*~10%3. It is 10"3times smaller for
protons than for electrons.
For electrons of energy 10 GeV circulating r=1 km, the SR energy

loss is 0.9 MeV/turn. How much is it for 20 GeV, 30 GeV electron?
4

(' -e () -o )

Practical formula
AE (keV) =~ 88.5[E(GeV)]*/p(m)

When it comes to SR loss

4
938.26
« Proton has an advantage (0 - ) ~101311

o Large ring radius (large circular machine) has an advantage
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« Brief history & major inventions

Linear collider

High energy electron circular machine cons:
« Large ring (radius scaling roughly as the square of the beam energy)
needed, for example, LEP @ CERN, 100GeV, 27 km in circumference.

» Low magnetic “guide” fields
« Still SR loss needs to be compensated by RF power to keep the beam
circulating

A Linear Collider (next slides) is the natural solution
=»Linear Collider project

~3.2 km

SLC (The Stanford Linear Collider)
ete” collider at E;p;~ 90 GeV

http://www-sldnt.slac.stanford.edu/alr/slc.htm
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« Brief history & major inventions

Linear Collider (LC)

ILC (International Linear Collider) project

- ‘.
‘‘‘‘‘
1 RS,

http://lcdev.kek.jp/LCoffice/OfficeAdmin/

1% Stage: 500 GeV ~31 km

Not to Scale

3
e<o+ DR ~6.7 Km

RTML RTWML
e ‘-l.u-‘\, N\
%ﬂ radius M 30m radkss
e-Linac .
~1.33 Km 11.3 Km +~1.25 Km ~4.45 Km 11.3 Km ~1.33Km

Schematic Layout of the 500 GeV Machine



« Brief history & major inventions

Linear Colliders: parameters

SLC at SLAC The Compact Linear Collider
operated from 1989 to 1998 (CLIC) at CERN
SLC CLIC
Technology NC SC NC
CMS Energy 92 500 500 GeV
Energy extension - 0.5—+1 0.5—-+1—-3 TeV
Total length 3.2+arc 31 — 53 13 =+ 20 — 48 km
Gradient 20 31.5 80-100 MV/m
RF frequency 2.8 1.3 12 GHz
Charge/pulse 6.4 8400 386 nC
Repetition 120 5 50 Hz
Luminosity 3x10%* 2x103%4 2.3x103%4 cm?s
SR ? 230 129 (x2?) MW
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« Brief history & major inventions

2. Types of accelerators

Collider experiment - Particles are bunched

. { ~ There are many particles in a bunch, circulating many turns
o Circular L

i A tens of thousands, for example.
« Energy frontier collides % ST
« LHC: %

« energy is ramped up from the injection energy to the target
energy at first but kept constant for the experiment.
- REF cavities are used to accelerate particles
« Luminosity frontier colliers
« SuperKEKB (BELLE II)

« keeps particles stored at a constant energy for while (storage).

« RF cavities are only used to replace energy lost through

synchrotron radiation and other processes
« Linear collider

The 2021 JENNIFER2 will introduce
you to particle physics research at

Fixed ta rget experiment KEK, focusing on the research of Belle
Il (SuperKEKB) and T2K (J-PARC)
« delivering beam for other facilities, experiment
o J-PARCT2K
Light source (Photon Factory) There are pros and cons
Keeps the beam for hours, 260 billion km, ; ZV“ChrOtroanrad'a:'O” 'OS(S‘C. )
~87 round trips between the earth and the sun . One pass {LC)s storage (Circular

JENNIFERZ2 July 19-27, 2021



| e omparns Basic hardware components

Vacuum pipes
To cover the beam passage

Vacuum pipe

Magnet

Magnets
Dipole magnets for bending
Quadrupole magnets for focusing

RF cavities
To accelerate/compensate for lost energy

Monitors
Beam Position Monitors (BPM)
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« Basic hardware components

Basic Components: Magnets

Dipole magnet Wind a wire on an iron bar.
(Bending magnet)

Flow current through the wire and the bar will

\ ié \' be magnetized. Polarity changes when current
- | direction is changed.
“\ _— 5

Colls on the pole
+ return yoke
—>dipole magnet

Two poles to generate a uniform
magnetic field. Charged particles
traveling through the field receive a
deflecting (bending) force.

Sextupole magnet
(Spring-8)

Chromatic correction
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« Basic hardware components

Basic Components: Vacuum components

Vacuum ducf

~10%Pa e L= = (T

e T > - =\ ¢ Air cylinder
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« Basic hardware components

Basic Components: SuperKEKB vacuum

107~10® Pa
1/10"? of the atmospheric
Electron beam P E/ec/ pressure
R — — QU rOn ;
/'/ng
e
7

Bunch size
~ 12 mm in length
~ several 100 um

SuperKEKB beam pipe

in width
~70 billion . .
«:.:: | electrons/positrons
in a bunch
b B There are . .
Newton, Aug. 2005 Sl ~1500 bunches in a ring
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Basic hardware components

Basic Components: Beam instrumentation

Beam position monitor (BPM)
provides information on the position of the beam in the vacuum chamber
BPMs detect the electric or magnetic field excited by beam passing by

o Electrostatic: ‘button’ pick-ups, for example

o Electromagnetic: stripline couplers, for example
o Resonant cavity

o etc

20 cm stripline BPM at TTF2 (chamber @34mm
And 12 ecm LHC type:

From . S. Wilkins, D. Nélle (DESY), C. Boccard (CERN)

Resonant monitors detect the excitation of a
Stripline BPM (LHC)

certain field configurations by an off-center beam

(AFT)
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Basic hardware components

Basic Components: RF cavities

TMO1 mode

Klystron

\/\/ \ Waveguide

\;\>|

(CW) 100kW~1MW

\ Input coupler
—_—

Ceramic window
- - -I- - - 4
L‘J——r 3 Loop Antenna
H

Beam §

Vacuum chamber

Resonant cavity
Various types, shape
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Basic hardware components

Basic Components: RF cavities

b

& China Large Grain Niobium Cavities 4

ILC GDE Meeting at IHEP, Beijing 8/19 zongzg@ihep.ac.cn

Accelerating Cavities
TESLA-type cavity

SAGA-Light Source RF cavity

Operating f 1.3 GH
499.8 MHz 0222‘!33 treen?;:pa::t{:re 2K ‘

Accelerating Gradient 23..35 MV/m
Quality factor 10%

500 kV, 90kwW

Load

SR loss 31.8 kW
Wiggler 10.2 kW
Wall loss 35.7 kW
Other 7.8 kW

Total 85.5 kW

lam29.lebra.nihon-u.ac.jp/WebPublish/4P31.pdf
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Accelerator today
J-PARC (T2K)
SuperKEKB (BELLE II)
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Accelerator today

Accelerator today
J-PARC (T2K)

Key words : Storage Ring, Proton Synchrotron, high-energy
proton beam, High-Intensity Proton Accelerator Facility Project

What is J-PARC?

J-PARC is a multi-purpose facility. It can deliver varieties of
secondary-particle beams. Neutron, pion, kaon and neutrino
beams are all produced at J-PARC via collisions between the
proton beams and target materials.

Goals
Research in fundamental nuclear and particle physics, materials
and life science

Development in nuclear technology.
JENNIFER2 July 19-27, 2021




J-PARC

Accelerator today

Hadron Experimental Hall

MR
(Main Ring)

Beam Abort
Dump

= MLF
: erials and Life Science
Experimental Facility)

400-MeV
LINAC

Neutrino Facility

RCS To Kamioka (T2K)

(3-GeV Rapid Cycling
Synchrotron)

J-PARC has three proton accelerators:
v"a 400 MeV linear accelerator

v a3 GeV rapid-cycling synchrotron (RCS)
v"a 50 GeV (currently 30 GeV) main ring (MR)

Provides the desired secondary particle beam to each facility

JENNIFERZ2 July 19-27, 2021

Target Nucleus e
Proton (p)
Neutron (n)
Proten (p)
3 GeV, 50 GeV

Meed to have high-povver
proton beams

Materials & Life Science from RCS
Muclear & Particle Physics from ME
RED toward Transmutation from LINAC

— MW-class proton accelerator
{current frontier is about 0.1 MW)



« Accelerator today

1.0
Hadron Experimental Hall
(Mar\r/\":cni““ \ _-|S R
Beam Abort F—" \\\ 0.8 ----- RFQ
Dump @ ‘ _ DTL "
S MmLF
L — /”%wmmxmj - — ACS
i 8 =
, ~"\ e MR /4
o | Neutrino Facility &
e 0.4
J-PARC has three proton accelerators: *
v" a2 400 MeV linear accelerator 3 Linac J
v a3 GeV rapid-cycling synchrotron (RCS) 0.2 DTL /
v"a 50 GeV (currently 30 GeV) main ring (MR) T
RFQ
IS o 400 MeV
00 | S

102 10" 10° 10'  10*  10° 10 10
(MeV)
Kinetic ener
v" The RF frequency has to be changed by ~30% as the protons elc energy
are accelerated (B increases) and circulate faster in RCS. T
08 = A
v Even in the MR, the speed changes (f increases) by about / /
3% and the RF frequency needs to be changed. 06 f /
Very complicated operation is needed as f§ increases, which is - | /
quite different from an electron machine. { /

020‘3 102 10" 10° 16‘ 102 10° 10* 10°
JENNIFER2 July 19-27, 2021 Kinetic Energy (Mey)




Hadron Experimental Hall

MR 1
(Main Ring) e \ {/ ——————— _A.CCEJ.E.[aILDg. RF_SILU.CI.ULES. _______
Accel [
ccelerator today poor \‘ sokev  3MeV 50MeV 190.8MeV 400MeV |
Dump
, | ACS
(Mttenals ::;FLife Science‘ lS ! RFQ _3205:’5.%&;. ﬁk Lt L I
" Experimental Facility) : 3.1m 3m 27.1m 91.2m 15.1m 109.3m
TN e N ___

Neutrino Facility
400-MeV RCS

(3-GeV Rapid Cycling
Synchrotron) Drift Tube Linac (DTL)
lon source (H-) Up to 3 MeV

SDTL(Separated DTL) ACS (Annular-ring Coupled Structure Linac)
Up to 190 MeV Up to 400 MeV

- = | et
\ B x 1

Various types of

accelerating RF structures are
needed to accelerate protons
efficiently in the LINAC.
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M Hadron Experimental Hall . >
. MR e ~
: e N 3Gevs>/0MIY/RCS AW
R o, Y
« Accelerator today Beam Abort \\ I‘» "
' ' \ e
S MIF ‘
(Materials and Life Science \ ) f =g 3 ﬂ?!ﬁﬁbﬁnﬁ
Experimental Facility) (MLF)’\ o y .- PR o\
,5/. g /, (3Gev >0y (RCS]
A Neutrino Facility 7 30GeVE=EU/9 703> /0

('MRz/\ ‘ P

LHaL (3-GeV Rapid Cycling

Synchrotron)

\

BT\ \\ Extraction
am dump

Circumference 348.333 m \
Superperiodicity 3 7

Injection /// / \\\b(
Harmonic number 2 (2 bunches) hmm du mﬁ f \\\ \ /(
N :'v o : ‘. \\.- > Rt

—Secondary collimators
\ 3'GeV

charge-exchange

Primary collimator
Injection section

Injection energy 400 MeV

Injection period 0.5 ms (307 turns) —Charge-exchange foil NN
Injection peak 50 mA (Injection point) S to MR
current 5

Extraction energy 3 GeV
Repetition rate 25 Hz
Particles per pulse ~ 8.33 x 1013

Beam power 1MW
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Beam abort line,
\Fasl LXH"ILHOI‘I

/ Hadron Expertment
i \.

(Main Ring)

Hadron

' a RE system _ Experimental Hall
7 Neutrino beamline ' \ .

/ g R
ol (
| S
5 )v/
1/ Hadron beamfine

3-50BTY), | / /

Accelerator today Beam
Beam Abort ] from RCS

S—— MmLF

(Mﬂtenals and Life Science \
Experimental Facility)

,//" /
\
~Neutrino Facility

3-50BT,
collimaitors

RT::;‘E%:\R Slow extraction
400-MeV 5'.\\ /
LHaL (3-GeV Rapid Cycling R N "
Synchrotron) To ﬁllpcl-)('un\iﬂk‘nndc\?“‘?ﬁ/

Circumference [m] 1567.5
Superperiodicity 3
Typical cycle time for FX [s] 2.56
Typical cycle time for SX [s] 6.0
Injection energy [GeV] 3
Extraction energy [GeV] 30 Near Detectors Beam Dump Decay Volume Target
Harmonic number 9 o neutrino 1l o —@ 3 HO» nS P
Number of bunches 8 s B — —— —— é proton & "/)))
Typical transition gamma j31 .- | = — ¥
Physical aperture [ mm-mrad] >81 -- : - 4 & muon — 7T-meson
Collimator aperture [z mm-mrad] 54-81 Muan Taraet Station
Number of bending magnets 96 Monitor 110m e
Number of quadrupole magnets 216 x S ¥
Number of sextupole magnets 72 * 280m -
rf frequency [MHz] 1.67-1.72
Number of rf systems 9

Protons are extracted from the MR

Protons collide with a graphite target and produce many particles
Among many particles, m*’s go forward under the effect of
magnetic horns. Magnetic horns are magnets designed to focus
t’s by applying a few hundred thousand amperes of pulsed
current synchronized with each beam shot.

l"nlr’ql",

L1 (44400 0y

In the 100m long tunnel (decay volume) *’s decay primarily nt - ‘u"' +@
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T2K is a neutrino experiment designed to investigate how neutrinos change
from one flavour to another as they travel (neutrino oscillations).

An intense beam of muon is measured once before it leaves the J-PARC site,
using the near detector ND280, and again at Super-K: the change in the
measured intensity and composition of the beam is used to provide

information on the properties of neutrinos.
https://t2k-experiment.org

Accelerator today

Near Detectors Beam Dump Decay Volume Target

neutrino 11 G L] {0r!
- e il [ B or / proton 6,"’,,,-
S — (1| B = - - = o, %,
o RV 5 i im > T-meson \?’4;,2'
i = \
Muon Target Station \
Monitor & 110m % J-PARC
. 280m 2 Main Ring,

Barrel ECAL

- - -—

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Y}ama
1,360 m W

1,700 m below sea level

Neutrino Beam

295 km

https://t2k-experiment.org/t2k/
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http://t2k-experiment.org/neutrinos/oscillations-today/
http://t2k-experiment.org/gallery/nd280/
https://t2k-experiment.org/

« Accelerator today

Accelerator today

YLo

¥% . Lxr SuperKEKB (BELLE I1)

2
==

("the number of
particles per unit area
_per unit time /

Yoichiro Nambu
Prize share: 1/2

Makoto Kobayashi Toshihide Maskawa
Prize share: 1/4 Prize share: 1/4

Key words : Storage Ring, Synchrotron, luminosity frontier, small beam, KEKB

Background

KEKB collider, which was SuperKEKB’s predecessor, generated sooooooo many et*e” collisions with very
high luminosity (2.11 X 103* cm2 s! ) and demonstrated the CP violation proposed by Dr. Kobayashi and
Dr. Maskawa, who received the 2008 Nobel Prize in Physics.

Goal
The next target is several tens of times higher luminosity, to discover new physics beyond the Standard

Model.
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Accelerator today

uperKEKB

e+ 4 GeV 3.6 A |

\ —
/ E-7GeV26A|

New beam pipe SuperKE KB

& bellows
| T

Low emittance positrons
toinject

Add / modify RF systems
for higher beam current

Positron source

SuperKEKB complex consists of

a 7-GeV electron ring (the high-energy ring, HER)
a 4-GeV positron ring (the low-energy ring, LER)
Ecy = 10.58 GeV (Y(4S)), the same as KEKB
an injector linear accelerator (linac)

a 1.1-GeV positron damping ring (DR)

Belle Il

New IR

NNANE VNN

Upgraded from KEKB (1998~2010)
Using the same tunnel, 3 km in circumference
11m below the ground level

B - A

Mt Tsukuba

Damping ring ’ i
—_——

a
A =

Low emittance gun

Low emittance electrons
to inject

New positron target /
capture section

North of Tokyo

Honshu
JAPA Jvoxvo
Naggya | *_eYokohama
Wrcsrma Kabee oKyt

Osamg
el Snhokw
Fuuoea
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Accelerator today S u p e r K E K B

New beam collision method called the "nano-beam scheme” is used for the 15t time in the world.

Beam-Beam parameter Vertical beam size
Lorentz hqor T
LN N / KEKB
\ *\ N\
/ \
L _ }/i 1 4 o-.\' [ té\'i f RL \ I T X 2
== % * | | *
2@7’{, i (o8 B.'\'i "&/" B y s X 1/20
7% 1pm
W Vertical beta function at IP SuperKEKB
Beam aspect/ratio atIP

(0.01-0.02)

Colliding bunches in the horizontal plane
| E . . ¢ 100 um

Extremely small beam size in vertical, ¥60 nm at the IP (Interaction Poirff)
Large crossing angle
Higher beam current (more particles) >

0 “ 5mm
) \

A NANERN

Powerful focus superconducting magnet system to squeeze ghe vertical beam size down
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« Accelerator today

Virtual Tour of SuperKEKB

Positron pro&c_ﬁ_o‘n Qn tungsten target
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« Accelerator today

Virtual Tour of SuperKEKB

(LINAC).
Bicycle is handy.

. =8 To PF ring
Electrons and positrons are accelerated to the .~,,
target energy and transferred to many beam Ly
lines.

To
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« Accelerator today

Beam Transport Line

From the LINAC to Main Ring,

, o From 5m below G.L. to

¢ % |, 11m G.L,, going down and down.

\v
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« Accelerator today

Virtual Tour of SuperKEKB

J ’
f
! {
g I |
! ,

From Beqmﬂansport L|ne to the Mam!mg, — \
EIectrons Cl erglng “to the electron’ rlng in this case,

i
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« Accelerator today

Virtual Tour of SuperKEKB

Arc section — ~ }\\“

= ~ e
(Nominal cell section)i ~—

':-A‘_,
. \ ‘\?\ — F
i\-l‘ -

=

En—

Dipole magnet
To deflect

Positron (LER) 7

.
5 oy g AR
AT ae R |

e

i Electron(HER)

Quadrupole magnet
To focus/defocus

Vacuum duct
To maintain good vacuum (~108 Pa) for the beam path.
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« Accelerator today

Virtual Tour of SuperKEKB

SCC (Single-cell Superconducting cavity) for HER
Highest beam current stored (1 45A) in the worId

.....

©O—

Timing

, ) _/ TMO010 mode
important
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« Accelerator today

Vlrtual Tour of SuperKEKB
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« Accelerator today

Virtual Tour of SuperKEKB

Arc section
(Nominal cell section)
Two rings side by side, LER being inner ring in this section.
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Accelerator today

Virtual Tour of SuperKEKB

ARES (The Accelerator Resonantly coupled with an Energy Storage) Normal conducting Cavity

Storage cavity [
/. 4 ‘V //
KEKB
Passive stabilization with huge stored energy.

Eliminates unnecessary modes by a coupling of 3 cavities.
Higher Order Mode (HOM) dampers & absorbers.

No need for longitudinal bunch-by-bunch feedback.

No transverse instabilities arises from the cavities.
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« Summary

Summary

A Brief history and major inventions and principles are introduced
along with some basic hardware components.

Some slides on J-PARC and SuperKEKB are presented.

There are many things that you can contribute to in this field.
See you around!
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