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1 31. Accelerator Physics of Colliders

31. Accelerator Physics of Colliders

Revised July 2023 by V. Shiltsev (FNAL) and F. Zimmermann (CERN).

This article provides background for the High-Energy Collider Parameter Tables that follow
and some additional information; see in-depth review and a comprehensive list of references in [1];
citations below are limited to widely used textbooks and open access seminal papers and reviews.

31.1 Energy and Luminosity

Collisions of two beams of particles accelerated to high energies ] 2 provide access to center-of-
mass energies (c.m.e.) Feme & 2\/E1 5, assuming a typically small or zero crossing angle. Most of
the 31 colliders that have ever reached the operational stage (seven are operational now) used equal
masses and energies of colliding particles, with c.m.e. equal to twice the beam energy Feme = 2L,.
Other machines collide beams of unequal energies, such as electron-proton or electron-ion colliders,
or asymmetric B-factories, that produce new short-lived particles, whose decays are more easily
detected and analyzed with a Lorentz boost.

In an accelerator, charged particles gain energy from an electric field, which usually varies in
time at a high frequency ranging from 100s of kHz to 10s of GHz. With proper phasing to the RF
field over distance [, the energy gain of a particle with charge Ze is proportional to the average
accelerating gradient G, i.e. AE, = ZeGl. In principle, the highest beam accelerating gradients
achieved to date in operational machines or beam test facilities (G ~ 100 MV/m in 12 GHz
normal-conducting RF cavities and 31.5 MV/m in 1.3 GHz superconducting ones) allow accessing
high energies over reasonably long linear accelerators (linacs), but cost considerations often call for
minimization of RF acceleration via repeated use of the same RF system which, in that case, would
boost the energy in small portions ALy, = ZeViryp per turn every time a particle passes through
the total cavity voltage Vgp. Such an arrangement can be realized either in the form of storage-
ring circular colliders or also through novel schemes based on, e.g., recirculating linear accelerators
(RLAs) with or without energy recovery. Circular colliders are by far the most common; here, the
momentum and energy of ultra-relativistic particles are determined by the bending radius inside
the dipole magnets, p, and by the average magnetic field B of these magnets:

p=ZeBp or L, |GeV]|=0.3Z(Bp) |[Tm]. (31.1)



Acceleration: Increase of Energy
Enetgycgainsidforce] x Lidistance]

Forces: Strong/nuclear{locall]

Electomagneltdused wicely

Weak|??]

Gravitational [see mextsslidé]



Acceleration by the Fields of Gravity

B PHYSICAL REVIEW LETTERS 134, 221401 (2025) |

Black Hole Supercolliders

Andrew Mummery" and Joseph Silk>>*"
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ENERGY: Ideas / Breakthroughts
#1 HHEleowostatiE [10keYe 10 MeY/]

#2 MResonant’RE[0.1 Ge\e 1 TeV]

#3 CollidersE,,, [1GeV 14 TeV]
#4 HHeayydeptong,  [10- 100 EeN]




ACCELERATORS vs COSMOS
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Lorentz -Invariant Mandelstam Variables

) STRUGI Pg, Mg

. m2>3<p4, 5

—

s = (p1 +p2)* = (p3 + pa)”

=mi + 2E1Ey — 2p; - py + mj )

t = (p1 —p3)* = (p2 — pa)°
=mi — 2E1E3 + 2p; - p3 +m3

u=(p1 —ps)° = (p2 — p3)°
=mi — 2E1Ey + 2py - py +mj]

. o—F2
s=E cme




Kinematics of collisions
Two particlegE, ,, m, ,) collide at angle,

Eeme = | 2E1Ey + (m3 + m3)c*+

1/2

+2 cos 6, \/E12 — m2c? \/E§ — mic?

One patrticle stationar{,=m, c?) Diome 72 \/ 2Emc?

Both particles mov¢E, ,>>m, ,¢d) Leme =~ 2v/ E1 Es
Gainffor(E= 6500 GeV;m=0.936 GaVs ~120 timeg0.11 wsl 13V
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Types of colliding beam facilities

%(a) (b)
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Colliders Landscape

61 years sincesl1st
collisionss

A Spring 1964 AdA and VEP-1
31 openatedisincee

A (see RMP review)

7 im eperationrnoww

A see next slides

2 unden constriuctiaion

A NICA (2025) and EIC (2032)

At leasttZmoredypes s
needed

A Higgs/Electroweak factories
A Frontier E >> LHC

V. Shiltsev and F. Zimmermann: Modem and future colliders

Species| Ey. GeV| (', m sak Years
AdA ete 0.25 1.1 104" 1964
VEP-1 e e 0.16 2.7 | 5x10%7 | 1964-68
CBX e e 0.5 11.8 | 2 10‘2? 1965-68
VEPP-2 | ete™ 0.67 11.5 | 4 x 10*® | 1966-70
ACO ete™ 0.54 22 102° 1967-72
ADONE | et*e™ 1.5 105 | 6x 10% | 1969-93
CEA ete™ 3.0 226 (0.8 x 10%®| 1971-73
ISR P 31.4 043 [1.4 x 1032 1971-80
SPEAR | ete™ 4.2 234 (1.2 x 10%'| 1972-90
DORIS | ete™ 5.6 280 3.3 % 10%Y| 1973-93
VEPP-2M | ete™ 0.7 18 | 5 x 103 |1974-2000
VEPP-3 | ete™ 1.55 74 | 2% 10% | 1974-75
DCI ete™ 1.8 04.6 | 2 x 103 | 1977-84
PETRA | ete™ 23.4 | 2304 |2.4 x 10*'| 1978-86
CESR ete 6 768 1.3 x 1033 1979-2008
PEP ete 15 2200 | 6 x 103 | 1980-90
SppS pp 455 | 6911 | 6 x 103 | 1981-90
TRISTAN | ete™ 32 3018 | 4 x 103" | 1987-95
Tevatron | pp 080 | 6283 |4.3 x 1032]1987-2011
SLC ete 50 2020 (2.5 x 10%7| 1989-98
LEP ete™ 104.6 | 26659 1032 1989-2000
HERA ep | 304920 | 6336 |7.5 x 103" |1992-2007
PEP-IT | ete™ | 3.1+9 | 2200 [1.2 x 10**|1999-2008
KEKB ete™ | 3.5+8.0| 3016 (2.1 x 1034]1999-2010
VEPP-AM | ete™ 6 366 | 2 x 10°" 1979-
BEPC-1/11| ete™ 2.3 238 1033 1989-
DAGNE | ete™ 0.51 08 (4.5 % 1032  1997-
RHIC p.i 255 | 3834 (2.5 x 10**| 2000-
LHC p.i 6500 [26659(2.1 x 10**]  2000-
VEPP2000| ¢*e™ 1.0 24 1 x 103! 2010-
S-KEKB | efe™ 7+4 | 3016 |8 x 10%® *| 2018




. . FIG. 2. Center of mass energy reach of particle colliders vs
COIIIderS . Energy their start of operation. Solid and dashed lines indicate a
ten-fold increase per decade for hadron (circles) and lepton

(triangles) colliders (adapted from [37]).
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Only Electric Field Boosts Energy




How much power Is needed

2
Vacc

Py = Py + Pioss = I, AE} R
A

Wh e r shuntiimpedanced : R, = Q(R/Q)

AQuality factormR/ Qo cavity g:¢
~1074 for Copper 300K ~100 for RAopenc
107(9-10) for SC Nb cavities 196 Ohm f oavavify p |
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LEP 352 MH:

RF Cavities
Resonant cavitegd LA 2 E ¢ Y

- 2.405¢
©°~ R

C

R=10cm af=1.14 GHz

Wasn LA Dadd

60

Max gradient/voltage per cavity: AR
A Is determined by RF power and shunt L3 GH minecell
Impedance NG cavity
A Is limited by breakdown or dark

current radiation or loss of

superconductivity

A dependscorfrequency, \CW pulpulses
duration, geometyymaterial,

temperature, etc / .

A Max ~100 MV/m in normal

conducting cavities at 12 GHz A
A Max ~31.5 MV/m SRF cavities 1.3GHz \_coupler port

ILC 1300 MHz

Tuner motor and
piezo-actuators

2-phase He supply pipe

2K liquid He tank

OM coupler o

Blade tuner




: §9celerating cayi__t_y R | N g S VS

y "'f((((‘ Bending magnet

:sﬂ-a((a@% Linacs
e\

Vi
I AE dCC
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If you can

lowerV.

acc
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Types of Circular Accelerators
i Cydlotrons |- 193014 ks, ROYNEhretons (FevaironHG MuCal)

Accelerating cavity

' q§ -~ -,
> A
A Betatrons ; 1980% k v ging beam
. ! R
L UsDKelstU - Figue !




Highest Energy = Highest Field SC Magnets

8.3T
LHC,
4.5T 5.3T 3.5T 15 m, 56 mm
1276 dipolcs
HERA, RHIC,
9m, 75 mm 9 m. 80 mm
416 dipoles 264 dipoles

Tevatron,
6 m, 76 mm
774 dipoles

4.5 K He, NbTi NbTi cable NbTi cable NbTi cable
+ warm iron cold iron simple & 2K He
small He-plant Al collar cheap two bores

19 MuColl'25 | Colliders VS1



Key for Magnets: Current Density

A Scaling: B, .~ J/Aperture
(assume all A is filled by conductor)
J~|(current density) x A"2
Brax~) XA

but Cost ~A"2 (cost of needed
conductor) x length ~ A"2/B ~

~Alj

Therefore, highgst) current density
IS needed tanaxizmizeB-field and

G . f dinol minimize Cost
eneration of a pure dipole A For room temperature copper

by a c 0 scurdent distribution j~(1-10) A/mm”2
A For superconductors, kA/mm~2

20 MuColl'25 | Colliders VS1



SC Magnets: Fields and Current Densities

20
HD1a__HD1b RMC
N @ Q rresca2 oo
- 36
Nbssn(somm ©ro3p @&mm) smcm Q mopcgs o)
MBHS
RT1
CERVEUN () © sc3s® §SP102 (60 mm)
E m) :- "
= 10- D10 MSUT o
2 (50 mm) s
5....
HERA
Tevatron Nb_TI
0 T T T T T
1970 1980 1990 2000 2010 2020 20
year
L. Bottura

Record fields attained with dipole
magnets of various configurations
and dimensions, and either at liquic
6n®H YXI NBRO 2NJ
helium temperature.
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Whole Wire Critical Current Density (A/mm?, 4.2 K)
2

10

Superconducting wire critica
current density versus
magnetic field: three main
materialsNb-Ti, NRSn,HHTS

P. Lee
BIz2212 g0
‘\N
H:FS'--~ REBCO |
LHC FCC REBCO 600 A/mm?
(8.337) (16 T)
Nb S Nb.Sn
N b‘T Nb-Ti
C
0 5 10 15 20 25 30 s 40 45
Applied Magnetic Field (T) WG



SC Accelerator Magnets: Current Record 14.5T

84% on thdaodlineat 1.9 K |

92% on thdoadlineat 4.2 K "
® ® 9 0 ©

o 1

e e |

© 0 @ 1.9K !d.SK

[
w
A

Bore field (T)

100% SSL 87% SSL
o

&
n]*" 60-mm apertufeg
s 4-layer graded (;ﬂﬁ

0 2 4 5 8 10 12 14 16 18 20
Quench number

A 15 T dipole demonstrator
A Staged approach: In first step pre

stressed for 14 T
3 . 4 \ ‘s A Second test in June 2020 with
. ' additional prestress reached
cos g dipole 1457
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Focusing Beams with Quadrupole Magnets




Betatron Oscillations, Tune

Particle trajectory
/ A As particles go around a ring, they

Ideal will undergo a number of betatron
orbit oscillations 3 (sometimes Q) given
\ by
1 . ds
n=—
20 "b(s)

A This is referred to as the
Nt uneo

A We can generally think of the tune in two parts:

Integerr.: -~ 64'31'\ Fraction:
magnetiapertbnee Beam
optimzadionn Stabhilityy

24 asSS WSTFTQa f SO0 dzNFB



Particle Equations of Motion (1)

X"+ K.x=0, with K, _391_3__1__1_
4 ’ p Ox
P S I,
y' +K,y=0, with K,
pOx

z = —x/p,
Solution:

x(8) = /24P, cosiy,, dy . /ds =

21,
X(s) = 5 —=lacosy, + siny,],

S - - S0, tun
xaSS WSTTQa t SOUdzNB

1/p

ds

1 1
Une: £ = n?gd"”‘zzn. B.(s)



Key beam parameter. Emittance

f 2o € .
% gTXZ T ZaTXX+bTX2 — _ b, U-Twiss
' T

p parameters

/7_f \/g For an ensamble of particles:
/ s 7 A Product size x angle
&)f X  X_rms x X 0rmsisncalled

emittance

£ ..
A Normalized emittance =

emittance x gamma IS an
As a particle returns to the same poit - S .
subsequent revolutions, it will map ot ad|abat|C lnvarlant

ellipse in phase spagemoreind e f f

i A Luminosity (tbd) ~ 1/0)

X

|
N Area =

26




Most Important Equations

normalizedemittance

Erxy =93 ,,S",

I T i
1
i e @, . i
1S, :\/ " XY rms beamssize
I B A
r -------------------- I
1
L e S, I rms lbeam
1Sy = =
X,y s | ) w
| gy, , bxy. angularssprea



Particle Equations of Motion (2)

Beta-functions are defined by

zﬁxﬁz . :Bfrz + 4:5)2ch =4
2

)
Eg symmetric solution in free space (K=0): Ps) = iy +—

P

Also, note that nonlinear fields on beam orbit add complexity:
o n=1 dipole

By + By = Z(Bn -+ iAn)(x 4 iy)""l n=2 quadrupole

n=3 octupole

n=1 N=4.5. 66

especially at resonant frequencies
kQ, + [Q, = m, where k, [, and m are integers

28 MuColl’25 | Colliders VS1 More in WSS:I'eE’[lQe



Collider Spot Size

low-beta
guadru-
pole

to decrease the beam size
at the collision point we
can reduce either &~ or e

beam
envelgpe

s~ o |lle/b’

b*:
- must remain largerthan s, ( 0 hour g
tesvsi- quadrupole aperture must be respected

29 MuColl'25 |



Longitudinal Motion: Phase Stability

Particles are typically accel
structures. Stability depends on particle arrival time relative to
the RF phase. Note: the speed is fixed = speed of light , so time
of arrival depends only on the energy (in the bunch T energy
deviatonwrtnr ef er ence centr al part
V(t)

Particles with
lower E arrive

earlierand see
/ greater V.
’ t
Nominal Energ\/

asSS WSTTQa f

30



Example: LHC RF Frequency 400 MHz

(35640 times revolution frequengy
ARF Voltage = 8 cavities x 2 MV = 16 MV / turn (max)

In collisions dE/dn= 0 V/turn (synchronouse phase ~0)

Slow energy-position oscillations (23 Hz or ~500 turns)
rms energy spread 1.3e-4 (1GeV) rms bunch length ~ 8cm

AE Bunch

3 Bucket

31



Scales of Time -scales/Frequencies

Longitudinal oscillations are the slowest of all the periodic
processes that take place in the accelerators. For example, in
the LHC, the frequency of synchrotron oscillations at the top
energy of 7 TeV i1s about f, = 23 Hz, the revolution fre-
quency 18 f,., = 11.3 kHz, the frequency of betatron oscil-
lations 1s about Q, , f., = 680 kHz, and the rf frequency 1is

f.. = 400.8 MHz (h = 35 640).

éeven sl ower might be op
Ainjection/ extractiré@én 1(¢( H/agya c
A beam cooling (sometimes - hours)

Al uminosity decay (miné day:

32



BREAK (!...7)



Luminosity ) -
| Nepep =T onep * /E(t)dz‘.

T So” —
N1 Q (X.V.S,-—So) \\/
/ S N2 g (X.:8:8,)
N particles I bunch

: : ) densl const.
For (same size) Gaussian ' -

bunches: 7\ / 7\ /
1LY
L= f coll

34 MuColl'25 | Ca
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Luminosity: Unequal Bunches

2
I " .
Piz(Z) = exp (— ,) where i=1,2, Z=2X,Y

O,/ 27T 207;

1 (s:E SO)2
exp | —
o5/ 2T 207

Ps (8 £50) =

K = \,"‘(_{"l - T’g): - (_1"| P T"_v):.,r'r:

+00
L x KN N> //// o1 (x,y,s,—s0) p2(x,Vy,s,s0) dxdydsdsg
—00

yields: Nl Nz fc

L=
7 2 3 |2 2
21 \/ O 05 \/ 05y T 03,

|
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Correction for Crossing Angle and Offset

Offset d,-d,I O P
H’ 'Hshhi“ﬂfiﬁiﬁ 0
- Py(x,y,8,-5 o) pm T
\ where:
N N f‘ N B?' - sin2 & cos2 %
) L~ LN A= 027 4= (;2
NNy w . ¢ =5
47T U X O\~ l B = (dz_dlz)o‘sén(ﬁb/z)
——5 (dy—dy)* l |

dos : :
\/l-l—(%tang) 1+<g_s£)
36 MuColl'25 | Colliders VS1 X ~ X =



NCrab Crossingo Col |

Headtall rotation by RF dipoldeflectors(egHLLHC)

Note: either the crossing angle or amplitude of the crabbing affe
instantaneous luminosith OF' Yy 0S dzaASR T2 NJ 6
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Hour -Glass Effect

¢ 2
B(s) ﬁ(—k(ﬁ*))

Same for
beam size

e

Transverse position

Transverse position

Weak Hourglass Effect

e ¢ Beam1l e ¢ Beam 2}

Yoo
«

Lonaitudinal position
Strong Hourglass Effect (HL-LHC)

. Beam2J . .

B
. [o e Beam 1l
o

Longitudinal position

du

Uy = ﬁ:/as

Uy = ,B:k/gs



Luminosity Reduction Due to Hourglass

For round beams, equal b e t and 80 crossing angle, H-factor

22 (5.0, -0) - Vasestarln

L(0) /)’*
- *
- A=p*/o,
1.U f~
: I 2
o, -\-“-
H (/}— 0. = 0) | ~Na In reality, bet& is often constant and
U.8 | bunchlengtltan grow leading to small
| . decay of luminosity
0.6
0.4 R
2 [ e X< I
{\/ H(\)—_-—J € . 7([\?2 ~ 3
zJo 1+ x%y° V1 + 1.3x2
| i

0.5 1.0 1.5 2.0 R 3.0 #
39 MuC
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Luminosity Summary : Key Factors

Want it higher
either smaller rings =
higher B

or high rep linear
collider (= power)

High E helps
This factor comes fron
adiabatic reduction of
the rms beam size for

the same emittance

Higher intensity drives L note
that N(bunch) comes squared while # of
bunches linear; sometimes N is limited
by beam-beam, often n N is limited A

Smallest emittance Minimize beta
t hat 6s wher e moeedstramder b e am
physics goes to i cooling to || focusing = larger
stop heating, noises, dyna- aperture and stronger
Mics In injectors, etc etc etc LB quads

Keep H under control
keep bunch length and beta*
more or less matched, be
aware of the crossing angle
(sometimes need it A crabs)

40 MuColl'25 | Colliders VS1




Colliders: Luminosity

I ! | ' I

1 1 1 I

] 06 7\ Super KEKB:gge:h
BT ; :‘ adron HL-LHG  FCCeeH® lab/yr
'm 10 ..... T, ep{ﬁﬁ..F.......................I{Ek..:é ................ ;....Z ........ .S.r).ﬁc' .............
a 7 » CepC  FCCeet
g 10 PEP-Il o 2 | & L2 CLIC
= Dafine '
S 10° 1 BEPC-II:
: o CESRA‘ Tevatron
& 2 ®IS
= 10 R CESR A LES-RHIC :
4 A PER él VEPP@HERA :
& Petf@ Levatron | vEpp-2000

A

§ 10 (OISR AVEPPQWSAS 5
— ol Adizan A .

10 one
=
L o ACO
& 10 A

]0'2 A.CB)I( A B A T A S S S TR BT -

1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Year

FIG. 3. Luminosities of particle colliders (triangles are lepton

colliders and full circles are
41

hadron colliders, adapted from

! (T ey = r . . .
MuColl25111371). Values are per collision point.



Colliders: Need More Luminosity vs Energy

42

N

fa—

2
S

30

Peak lumuinosity L (107 cm

“ future colliders future
Al LENLER ) "Vll L] LER B R "'l Y“"l L "* FC("eeYZV L) 'V'Ul Ll L 'l"l L) LENLIS "'U' u
1000000 § 5. N . colliders
\ < e FCChb
@ FCCeeH  MC-6 @
1 OOOOO L) CepC ¢ ’-“SWF.... .
ST Sarcce 8 g
1 OOOO ’PEP-“ n.‘(...” CLIC . o @® LHC
1000 @ BEp® CESE
& Dafne S e @ Tevatron
@ ISR '
100 % | .PE‘“ & LEP
& Doris Y ['ristan ’
10 @ Spear ® Higides
& VEPP-2
& DCI & sLC
1 & Adone
0.1 @ ACO ® hadron colliders
& € lepton colliders
0.01 @
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Luminosity evolution

N,N
= = H(o./fB*
¥ /3 47Z,6'8 (o,/ %)
A Factors change in time
&(1)

A Therefore, the lifetime

¥ = . =T+ Ty, =T, +7T,
L(t)dt
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LHC Lumi Lifetime (~7 hrs) and Integral

LHC Pagel Fill: 6629 E: 6499 GeV t(SB): 08:30:56 01-05-18 20:38:29

PROTON PHYSICS: STABLE BEAMS

6499 GeV I(B1): 1.56e+14 I(B2): 1.72e+14

Inst. Lumi [{(ub.s)A-1] IP1: 8155.99 IP5: 7827.12 IP8: 330.93

=

£

=

=

=
I

A

Intensity
Luminosity / 1e30 cm-2s-1

J l] L T T T T 1 II T T
23:00 0200 05:00 0800 11:00 14:00 17:00 20:00
T T T T T T T T
23:00 02:00 05:00 08:00 11:00 14:00 17:.00 20: — ATLAS — AUCE — CMS — LHCb

BI5 status and SMP flags
Comments (01-May-2018 14:18:10) Link Status of Bearmn Permits

Fill for physics (1887b) Global Beam Permit

Setup Beam
XRPs IN P
Beam Presence

continous crossing angle leveling in IP1/5 Moveable Devices Allowed In
Stable Beams

AFS: 25ns_1887b_1874_1694_1772_144bpi_19inj PM Status Bl SRS ERPM Status B2 ENABLED




Colliders : Most Important Topics/Effects

A Engineering of magnets, RF, PSs, vacuum,
sources, targets, diagnostics, collimators, etc

I EXciting science: new acceleration techniques/plasma

A Beam physics
I One particle: beam optics, long-term stability, resonances, losses,
noises, diffusion/emittance growth, etc

I One beam: instabilities, synchtrotron radiation, beam-induced
radiation deposition, intrabeam scattering, cooling, space-charge
effects and compensation

I Two-beams: beam-beam effects and compensation,
beamstrahlung, machine-detector interface, etc

A Assuming particle physics interest A choice of

accelerator scheme depends on
I Readiness, cost and power consumption vs E, L reach A* MuCalll



BREAK (!...7)

Muon Colliders



Colliding Leptons vs Hadrons

Protons

Leptons
e+ e-
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Muon Colliders in the US

P st oot X -I-
low( est ) power consumption

circular compact || low(er)cos J

~7 S SN Muons decay quickly 2.2 £SX O

Z 17 A Fast production, cooling
/ (size reduction)&
acceleration

'] TS ————
-
.
W
)
~—ttf

- = Muen Collidereg bt ivaGiozt [ >
NN AN | CircumferenceX0 kmE, . o Xmn ¢
— _.--—-—""'il NC+SC magnets and SRF

— Cost-12-18 BS(ITF21) 174 BOHRL a / /) ¢

*no labor, escalation, or contingency

Fermilab site: about 3 x 4 miles, 6,800 a(zﬁsyrs of R&D
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Muon Colliders: Main Challenges

A Muons are not stable particles
I Muon lifetime at rest (mc”2=0.105 GeV) is 2.2 microseconds
i Muon lifetime at 5 TeV (collider o0a 5 0 Di® IMO milliseconds

I Muon can be made available only as secondary or tertrially particle
products of reactions like

A p(beam)+p(target)A K,” A €
Aete A & +-¢
Ao+ ZeA & +-¢
A That usually results in large emittance (large angular spread)
muon beams and requires deep cooling for high Luminosity
A Therefore, major challenges for High Luminosity MC are:
I Muon production
I Fast muon cooling
I Fast muon acceleration
I Neutrino flux hazard




Muon Collider Parameter Table

O

under development by the International Muon Collider Collaboration /i

Tentative target parameters, scaled from MAP parameters

Target integrated luminosities

Reasonablh/ conservative <B> T
* each pointin 5 years with

i £ MeV m
tentative target parameters
o-/E %
* FCC-hh to operate for 25 years F
 Aim to have two detectors o, mm
* But might need some B oo
operational margins ) o
Note: focus on 3 and 10 TeV Oyy pm

Have to define staging strategy

25
3.0

25
0.9

Snowmass process to give feedback on this

PITT PACC 30/11/2020 D. Schulte: Muon Collider Collaboration

\/g f Ldt : L 10% cm2s1
3 TeV lab—L |i N 10"
10TeV | 10ab~Y | ~_ . fo___f2 5 5 5. ~
14TeV | 20abt | 57

10.5
7.5
0.1

1.07

1.07

25

0.63

11



Average Luminosity of Muon Collider

NB: eachrmuonmakes30B[T] turnsiinarringwith: average:field B

(L) = foy

o CT() nbNQ f:BPb NT‘Q ¥ (CT()?)
2C Aey, O* dme, b* \ 8me

scales witB, the total beam powét,, and thebeam
brightnesgthe third factor above is the bedrmaams)

The betafunction at the two IPsscales a$*~1/2 within certain range c
energies, giving overall scalibgmi~ 2? with other limiting parameters
fixed. The main challenges to luminosity achievement with decaying
particles are related to production and fast cooling and acceleration
O(10'%) muons per bunch without emittance degradation.
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(Explanatory to Previous slide)

o0 ‘
- o0 (Noe—-iAt/'rr)Q‘_ ( —iAt/yT : 2
A e ~ 3" (Noe ) x N2B
/ Z ATO 0y i=0
1=0
2 - =+ const
X

471'6,8/")’ e 1 opo, = const

Y 1

Uz X —

Note: this might be 7y

N2 2 limited by technology
A / Lo B 0

€
N .

L & B_/YPbeam
€

52 MuColl'25 | Colliders VS1



O(14 TeV) Muon Collider Sub

- —

53

/ P+ SOUrce ;4 Gey SRE linac S
]

-Systems (approx. to scale)

Booster E——— Accelerator
p+ protons i = = -
E=045TeVC=6.9km _ R C=26.7 km
M- muons N
N E=7TeV
u+ antimuons
)
\
Muon Collider \

E=7+7 TeV
C=14to0 26.7 km

Muon Source| |,
E =30 GeV

Rings (0.5 km):
p+ accumulator

p+ compressor
u+- combiner

’
-------------------------------
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Muon Collider Subsystems

A (i) a high power proton driver (SRF 4 GeV 2-4 MW H- linac);

A (ii) pre-target accumulation and compressor rings, in which high-
Intensity 1-3 ns long proton bunches are formed,

A (iii) a liquid mercury target for converting the proton beam into a
tertiary muon beam with energy of about 200 MeV;

A (iv) a multi-stage ionization cooling section that reduces the
transverse and longitudinal emittances and, thereby, creates a low
emittance beam,;

A (v) a multistage acceleration (initial and main) system --- the latter
employing a series recirculating rapid cycling synchrotrons (RCS) to
accelerate muons in a modest number of turns up to 3-7 TeV using
high gradient superconducting RF cavities;

A (vi) about 8.5 km diameter collider ring located some 100 m
underground, where counter-propagating muon beams are stored

and collide over the roughly 1000--2000 turns corresponding to the

muon lifetime. * From the point of beampphysics,seamplexity ofiaMuan Gollider is
closer torthat.of therTevaton:(higher): tham to that of the/lKHE (lower)



Muon Production: 1-4 mw proton driver needed
Protons =) Target =) Pions =P Muons

Proton Target
bunches

The goal is to turn a ...into a tight beam
seelectures byJ.Eldred ‘cloud’ of muons travelling travelling in one
in all directions... direction

andD.NeufferTue



MERIT Experiment i Demo of 4 -8 MW Proton Targetry

—— sump Secondary

A At CERN PS o (X Tak o
A 1el3 protons 24

GeV (115kJ/pulse)

A Liquid Mercury .S
target 20 m/s :

A 15 T Solenoid

Measured disruptio




The Need for Muon Cooling NN,

Muon Phase Space After Target L= f coll Arc* ot
vs What 6s Needed S
dP/P
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Fast Cooling of Muon Beams

A The desired 6D e5fiordersafmagnitufledess fram MC
the emittance of the beam at the target

AHow that can be done before muons decay? A ionization cooling:
lonization loss along momentum followed by RF acceleration (restore
energy) along longitudinal axis only (like in the Synchr Rad damping)

/ ‘ LH Absorbers |

daE

dx dx
A - Requires rf cavitieprp to cmméste for SC magnets
lost longitudinal energy = i g

A Us e sfteldsaoncgnfin® beams

s
seeKYonehardecture Tue




Equation: | qe,  dE, e, 3.(0.014)?
ds ds B, 2B g L
A (1s) Cooling term ~
(dE/dS) T larger the B L R 31
better SE W
A (2n) Heating/ 2 2” Wl
scattering term ~ beta-- 4;_ \M, S SN
function at the % -
absorber and § o =aaa e
1/radiation length of S ¢ N A L
- S i i
the material (a low-Z i 2;; \:fi’;f{f
preferred, Liquid } K__jjif"’
Hydrogen, Li, LiH, Be) | 7 A 1 A
A Energy of muons 0.1 1.0 o 00 1000 10000
0.1 1.0 110 100 1000
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Longitudinal DoF: rms E spread

cooling term fluctuations of ionization
energy losses

dE,
d(AE)Q 9 d (EL d(AEﬂf)..%tmggling

ds dE, ds

A Cooling requires that(dE>/ds)/dE> > 0. But at energies below about 200 MeV, the energ
loss function for muongjE>/ds, is decreasing with energy and there is thus heating of th
beam. Above 400 MeV the energy loss function increases gently, thus giving some coc
though not sufficient for fast coolingpplication (see previous slide).

A ¢KS GaidNdzZa3t Ay3aég SN

d AE, 2 ‘ 2 Z 32
( F )aluzgglm.g _ —l’/T (7"'6777--@(72)2 ‘\0 i ﬂ’}Q (1 . 7)

) < (AE,)?> +

ds A

increases as Bj and the cooling system size scales As cooling at low energies is desired.

A Energy spread can also be reduced by artificially increaiitgp/ds)/dE> by placing a
transverse variation in absorber density or thickness at a location wiesiion is energy
dependent,i.e.where there is dispersion (= emittance exchange Mrigansverse)
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Ml

CE:

MU o n I

oni zat.i

MICE Target

/]

1
w _ Pion 'lpnu'c
Lt

/I I
&/ \\‘\ g
s / :

ISIS 800 MekE
proton

- . T
7% // G

% /’/ //// ////

Muon Transport Channel
N

Pb. Diffuser

e IC
f MICE RF :

/15 4
_" /// ’ 04//
ﬁ "- "' / /‘//,”,’ ' / /
/ / /-/ Decay Solenod MICE Spectrometer RF
Absorber
Downstream
spectrometer
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Absorber ‘
module
module 3 '
\

Coo“ng
channel

O n

synchrotron r\ i

Cooli

~ Absorber |
module

Upstream
spectrometer

- with muons @ ~140 MeV/c

= each muon individually measured



Muon 4D Cooling: MICE Results (2024)

LH,
N
- N~
02 A qu-)
P A A , Al
AL a — \H o
@
- N
or [ . g
)

E O
£ b Lo

— . ~—

& -02 F 3 <t
< 5 v
o -

: ~\-‘ w

® Full LH, data ~ ™M

-0.4 @ Full LH, simulation ‘\ 8
- A  Empty LH, data - -

2 MICE ® —

] Empty LH, simulation ISIS cycle 2017/02, 2017/03 -
Full LHy model 2017-2.7 o (@))

-06 I 4-140, 6-140, 10-140 O
| Empty LH? model Full & empty LH, )

l i i L l L i 1 l - —.

2 3 4 5 6 @)

©

g, at TKU reference plane (mm) =

Fig. 3 | Transverse emittance change measured by MICE. Emittance change between the TKU aitl
reference planegy ¥, as a function of emittance at TKU for 140 MeV/c beams crossing the LH2 NEC
absorbers. Results for the empty cases, namely, No absorber and Empty LH2, are also shown. The
measured effect is shown in blue, whereas the simulation is shown in red. The corresponding
semitransparent bands represent the estimated total standard error. The error bars indicate the statis
error and for some of the points, they are smaller than the markers. The solid lines represent the
approximate theoretical model defined by equation (10) (Methods for the absorber (light blue) and e
(light pink) cases. The dashed grey horizontal lines indicate a scenario where no emittance change



6D lonization Cooling

Wedge
shaped
absorber

A Initial beam is narrow with some momentum spread
A Low transverse emittancandhigh longitudinal emittance

A Beam follows curved trajectory in dipole

A Higher momentum particles have higher radius trajectory
A Beam leaves wider with energppsition correlation

A Beam goes through wedge shaped absorber
A Beam leaves wider without energposition correlation

A High transverse emittancandlow longitudinal emittance
A @O5 2l NIy &GS NEBISpem 5e cQ2)2 f Ay I X



Rectilinear lonization Cooling Channel

absorber c0|l cavmes
TOP VIEW
51de Vlew

- —
* - - - - - - -
HE E E B E = — - =

6D emittance reduction by 5 ) _——
orders of magnitude  or b
(between point 2 to 5). Qe -
Length -~ 900 m E sl | Gunch e4Dc.ooI|n-g_<
Final cooling section design requires 3. | 0w O s
~30 T solenoids (point 5 to 6) e ... PP

—d A A A ALdd
0.01 0. ] 10
Transverse emittance (mm rad)
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Full lonization Cooling & Demonstrator

A MC ionization cooling channel consists of ~800 muon hitps:/kloi.org'10.11406pjd/s10052023-11889x
cooling cells
A The cooling of muons requires very compact assembly Dipole &
of normal conducting RF cavities, superconducting RF  Solenold Absarber
: ) o : s == ezl
solenoids, and either liquid hydrogen or LiH absorbers f b B s TR |
A Large bore solenoids: from 2 T (D=1 m) to 20+ T P —— S ———
(D=005 m) Upstream Instrumentation
i " - - A ek i O
A RF cavities (300'800 MHZ) must Operate in multi-Tesla a5 =+ High-intensity high-energy pion source
fields Target  Collimation and
L phase rotation
A Wedge-shaped absorbers must and large muon beam
intensities
_____ Sghemgtic of the muon cooling demonstrator
Muon mom. Total Total#of’ Total RF B max. TI 6D emm. Beam
MeV/c length, m cels | voltage, MV —— " reduction loss, %

l
Full scale MC 200 ~980 ~820, ~15,000 2-14 | x1/10°> ~70%

| |
Demonstrator 200 48 24  ~260 0.5-7 1 x1/2 4-6%

The Muon lonization Cooling Demonstrator Experiment:
Timeline: 2022034 Location: Fermilab or CERNCost: 300 ? M$
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Acceleration and Collider Ring ~75% of the MC Cost
Options (highA low cost): ~14T Large Apertur
A Linac (very costly!) ;

A Recirculating linear
accelerator (RLA)

A Fixed field alternating ~ i .201;;;;;;;;
gradient (FFA) 03 @
A Pulsed synchrotrons

High Energy Orbit
e

Warm Warm B Cod
Quad] Dipole  NETDiFGE Dipale B Dipole

e e ——
Low Energy Orbit

Dlpole/ Quad

; ./8 mF_neIp-e Closed Orbit
E
S 1 @ &
§ : C 3
5 2| -
8§ 3l
T ] CBETA FFA at Cornell/BNL arXivl706.04’ U
=== 375GeV/c = 562.5GeV/c == 750GeV/c
0 10 20 30 40 50 60 70

Longitudinal Position (m)

UUUUUUUUUUUU Quad/Dipole

¢
¢
¢
(
¢
)
¢


http://arxiv.org/abs/1706.04245

The Ildea of Pulsed Muon RCS

A Rapid cycling synchrotron (RCS)
I Potentially larger acceleration range at affordable cost

I Could useombination of static superconducting and ramping normal
conducting or HTS magnets

I Buthave todeal with energy in fast pulsing magnets

B'na.\' . DC Bll“vn . ‘)‘llse(l fl‘nm -B““'H t() + Bllll”
1< >
Packing factor Il<1
B4 <B>C=2n Ebeam /().3, e.g. 146 T xXkm

for 7 TeV and 26.7 km

----------------------------------

A Of course, circumierence of the RCS will be larger than that of collider
AVERAGEmaxiiBld in RCS K AVERAGE (9t8ield calliderring
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Need pulsed magnets dB/dt ~1000T/s

1 % 1 " L 1

' — dB(t)/dt
0.3 |
B, .=0373T

(dB/dr),,, =289 Ts
0.2 H

0.1 H

0.0 J

-0.1 F

Magnetic field B in the gap (T)

0.2

—

0.000 0.002 0.004 0.006 0.008

Time (s)

Approach to an economical magnet |
IS to use HTS tape: very low AC l0SSES sissabesor | |

In superconductor

0.010

-100

Ramping rate dB/dt (T/s)

-200

esof

ictor *\(.‘,

3-part laminated

Fermilab, 2021

magnetic core 44

return conductor

_ Radiation shield
«—— Magnet cryostat

™ Beam pipes
-

™~ Radiation shield




Neutrino Flux ( Muons decay to e+33 )

disk width = 4 m at 30 km
from the collider

collider
ring

straight .
section «® 1/7

Collider Ring desigisee lecture of E.Gianfelice
69  MuColl’25 | Colliders VS1 Wendt on Wed




Neutrino Radiation Dose & Control

Coneggets natrowerwithrengrgy
Cress:;sectionrgrowsiwithmenergy

N, x (Ey[TeV])?

ave( gyl — 9. 0—23
D™¢(Su] = 3.7 x 107 x e
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\

<1 mSWr mitigation iicleas:

A depth

A few mm vertical collider
orbit variation (next slide)

A few cm magnet positions
float (next slide)

Af Saa YdzzyaX

. emittance to keel



On Required R&D: ¢-Coll Costs and Risks

Proton Driver & Targetry

Muon Cooling

Acceleration

Collider

71

TOTAL

Approx. %
of the Total
Cost

15 - 20 %
10-15%
30 - 60 %
25 - 40 %

12 - 18 B$

*ITF?

Approx.
Luminosity
Risk Factor

10 1-2
10374
10112
1007 1

10 5-9



Ultimate Colliders Luminesiyy vs Energyy

o |_. ﬂm’m' Snowmass 2021

pp circ. .
10 ab/yr ~ - linear lepton
© g*e" Ciraular

O
1 abYyr (@) OO 82} T % T @ ppCiraular

0.1 abyr 2 LHC O e‘eigtgbLinear
% Q Main Liimiits:

0.01 @ab'l/yr | ’ pamrv\z _
1 forlfyr @ Tevation 6 W ‘

1 TeV 10 eV 100 eV 1 PeV 10Rac);/ C‘DSOSB ﬂIHC

72

V.Shiltsex & ! f A Y I ((DSord/E&cyclopetiss 2OB3Y;
DOI:10.1093acreford9780190871994.01
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Literature

A V.Shiltsev, F.Zimmermann, Modern and Future Colliders (Rev.Mod.Phys., 2021)
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.93.015006

A V.Lebedev, V.Shiltsev, Tevatron Book

https://indico.cern.ch/event/774280/attachments/1758668/2915590/2014 Book Accel
eratorPhysicsAtTheTevatro.pdf

W.Herr, CAS school
https://cds.cern.ch/record/941319/files/p379.pdf

Proc. 2013 ICFA mini-workshop on "Beam-Beam Effects in Hadron Colliders"
https://indico.cern.ch/event/189544/

Comprehensive JUAS-book (2371 pages i all topics!)
https://doi.org/10.23730/CYRSP-2024-003.
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.93.015006
https://indico.cern.ch/event/774280/attachments/1758668/2915590/2014_Book_AcceleratorPhysicsAtTheTevatro.pdf
https://indico.cern.ch/event/774280/attachments/1758668/2915590/2014_Book_AcceleratorPhysicsAtTheTevatro.pdf
https://cds.cern.ch/record/941319/files/p379.pdf
https://indico.cern.ch/event/189544/
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=

ENERGY: Brute Force Approaches

Particle:Ehergy\noreasee
Electric Field Gradientk Length

qE

#1 |Increastength=linac  |eimaey
(inearaccelerator) | ECAaTR

B .
] T -
iy |8 '

#2 /Acceleratenin armir(®y, . 9E)
increasecircumferencasE=0.3BR
(symchratrons)
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CCC=CERN Control Center

'0ver 100,000 signals are generated by the cryogenrcs
¥ “machine protection and beam monitoring systems.




FurtherrReadingconn

AcceleratonPhysics:s

A

77

An Introduction to Particle Physics High

Energy Accelerators, D. Edwards and M.

Syphers (John Wileyand Sons, Inc,
1993)

Accelerator Physics, S.Y. Lee (World
Scientific, 1999)
Hand Book of Accelerator Physics and

Engineering i Eds. A. Chao and M.
Tinger , World Scientific (1999)

CAS CERN Accelerator, Accelerator
Physics Courses http://cas.web.cern.ch/

Accelerator Physics at the Tevatron
Collider - by V.Lebedev and V.Shiltsey,
Springer (2014)
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Particle Acceleration and Detection

Valery Lebedev
Vladimir Shiltsev Editors

Accelerator
Physics at

the Tevatron
Collider



http://cas.web.cern.ch/

Luminosity and Burn -Up

The relationship of the

beam to the rate of Rae \R=1]§

observed physics /

processes is given by the Cross-section
ALumi nosityo ALumi nosi {NyPhyst cs

Standard unit for Luminosity is cm—=s

Example:totap-p inelastic+elasticrossssectionat 13eV

cmeis ~110mbarn (58 inel+ 12 ssd+40: el mot-seddy

~60 iinteractions)pererassing X

40,000;000-collision/sec2.4€9 protondeave each beam

every second

BeSnk [¥tinde AuFtS dick ¥BSn uR JESN/@N&It)=a dzO K
2.8el4 protons((214e9/s=32 thouts
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Numerical Example LHC( A»1, a=v/c al)

10 °m
= 1.8mm-mrad
g =6930
b* Sigma*
- e
Squeeze in 25 Ccm 8 um
ATLAS/CMS
R . © QT grad
b Sigma
triplet triplet
~5km 1.1 mm
~ QT nedad

TP, in the arcs:
kmage courtesy John Jowett Bmzmmm EJ‘EOIREB'IH’I oYY




Luminosity Lifetime and Integral

Take into accourttvo IPs (ATLAS, CMS andl39¢h 1/32+1/32 hrs
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(Very) Brief History of Colliders

A Notable machines and most notable

effects/discoveries/breakthroughs

A Note that we later will consider in detail:

I LEP, KEK-B and Super-KEKB (lecture VS6)
I Tevatron (lecture VS7)

I LHC and HL-LHC (lecture VS8)

I RHIC and EIC (lecture VS9)

I SLC and linear colliders (lecture VS12)
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Collider Patent R.Wideroe Sept. 8, 1943

Erteilt auf Crund des Ersten Uberleitungsgesetzes vom 8. jull 1949 Za der Pareniaasil
(IGHL £ U |

BUNDESREPURLIK DEUTSCHLAND

AUSGEGEREN AM
11, MAT 1953

DEUTSCHES PATENTAMT

PATENTSCHRIFT

Ne B76 278
KLASSE 21g GRUPPE 36
Wasy Villelarg

DesJng. Roll Widerte, Oslo
ist als Erfioder genannt worden

Aktiengesellschalt Brown, Boveri & Cie, Baden (Schweiz)

Anordnung zur Herbelf(hrung von Kernreektionen

Pateniineg Ls G‘Ml der Buadesrepaddik Daunaiand vom b Seplamber (043 4n
Pe e bek cht em (8.5 ber LRS2
Pateniarinliung hekaanigemectt s 25, Mln 1883

Kenseaktionen koames  dadurch  herbeigefinm | Komaen sufl sinac salr langen Strecke lofen midseea
werden, dad geladene Teilchen von hohet Coschwindig- | Dies kann in der Weise dirchgefahet wesden, dal die

keit und Enargia, in Elektronenvolt gemessen, auf din nhdmn Telkchen rum mehrmaligen Untlaud in einer
i unteroachenden Kerne geschossen werden, Wenn den, wobei die 20 uater:

die geladencs Tedchen in einen gewissen Mindest-

-Mmmmmmn aber in

nbnud ven den Kemmen gelangen, werden die Kern- | entgegengesetater Ricktung umlsufen. D die ge- o Liseahirpar fis dem
Uonen eingeleitet. Da aber neben den tu unter- | Iadenon Tmmu«mm bes der Reaktion Tweuttivaifives
M Keman nech die gesamtea Kiektronen der | uawi Jesn wied
Atomhille verhandes wod und aach der Wlmo? anderesseits u( einer sehi l-.uu Wegatrecke gegen
10 querschaitt des Kernes sebsr Mein o, 'ndd‘t ool dic Kerna sich bewegen kinnen, wird die Wahrachein-
Ted dex geladenen Teddhen von den Hullencel lighkeit f&r das Xi der Ke ki wesenl- 38

84

abgebromat, wihrend mur ein selic leiner Teil die
gowinschien Kormreaktionen herbasfohrt
Erfindungsgemil wird der Wirkungsgrud der Kemn-

reaktionen dadurch wesentlich erhobt, dad die Re-

Uch gealler und der Wirkungugrad der Reaktion sehr
stark erddht,

. Um du‘c‘. bei der K.rutbcwguu utmhcadm hnm-
ugalied

aktion in einem Vnwmpul! (Ruxuombu) durd- chea von nach inmen lm Abwum-mu p- s

gedflbrt wird, in wel slevert werden, wil eine Diftusion der Teils smitieks 82
Leschwindigkeit gegen unu “Strahl von ucn I umer mbﬂhtn»d-. vou -lln Seiten aul den Dahakres

suchenden und sich  enigegenigeseistl  boweogendsn Krafte indert wird, Falls die gegen-
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" During rough war times, a patent was the

only way to communicate the notion !



Flrst Colllders
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78 VEP-1 (Nov05|b|rsk)
e-e- 320 MeV, May 19, 1964




The FI r st NTri oo of

A Technological challenges addressed:

I development of nansecondfast injector kickers
I attainment of an ultrahigh vacuum of aboumiaropascabr better
I reliable luminosity monitoring and other beam diagnostics

A Beam physics advances:

I Touscheleffect (low energy beam losses due to particle scattering
Inside beam leading ®t+e gettinbgout of RF buckets)

I luminosity degradation due to bedmaam effects &, D 0.02i 0.04
I complex beam dynamics at ntinear highorder resonances
I coherent instabilities due to resistive vacuum pipe walls
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1970s-8 0s nNnsene-|l(C=020é€ 200

e t.l{ul"m\“'c‘s \
"~ §

ADONE (INFN, Frasoaiijii. ¢ 'rgPEAR (SLAC Stan

/ %o F ~ verP-2m @
B-30 200 MaV b \ 180 - 700 MeV

Synchrobatatron
BEP 900 MeV
e’ e booster

« VEPP-2M collider: 0.36-1.46eV inc.m., Lx10391/ems at 1
GeV 3

P\ /EPR2 (INP, Novosibirsk)



1970s-8 0s nsenea-l | O

A Technological challenges addressed:

I longitudinal phase feedback system developed and ins{AlRANE)
I 7.5 T SC wiggler to decrease the damping time (\\2RNP

A Beam physics advances:

i Luminosity scaling in SR dominated bearL o y* (ADONE)

I SokolovTernoveffect: thebuildup of electron spin polarization
throughsynchrotrotorradiation (VEPP2 and ACO)

i CEA:! first time a lowbeta insertion optics with a smal| a .Bcm

I SPEAR:Transverse horizontal and vertical haad instabilities
were observed and suppressed a positive chromafaity> O

I DCI: first four-beam compensation attempt (limited success)
i dE/E~10° resolution viaesonant depolarization method (VEPH)
I Multibunch, e.g. 480 bunches in each ring in DORIS
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1980s-9 0s nlexe-ge o

A

echnological challenges addressed:

I SLC: first ever (and only) linear collidérmany subsystems
I pioneer SRRechnology- TRISTAN: 508 MHz 0.4 GV/turn; LEP 352

MHz SC niobiumon-copper cavities, 3.5 GV/turn
High current positron sources, incl. 80% polarize(5&.C)

A Beam physics advances:

90

I LEP: losses via e+/&cattering off thermal photons in RT beampipe
I LEP singlebunch current limited by TMCI ahjection energy

:
|
|

LEP: beambeam recordune shift4x3 ¥0.33

- SLC : BNS BalakinNovokhatskySmirnov) damping of BBI
- SLC: ~x2 increase of luminosity due to disruption enhancement @
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2000s-cn ow N f a cd+® [-lchdh-S5-Beson)

itk f RF

[:I sw,i;f%,m .8&.‘:;.;';;;1‘,:: S S S ) o, . V P OO (B I N , OVOSI b I r
o ™ =" 7| \ ‘V Eaama il ke | | AN —
Synchrotron 4 {.’;) \IB E PC (Be” I ng;) :‘f", R / X % _\ ',_ —_ -
E e A W e >
Transtee: Line Transf:r Line it P .i\~\ ) )
i '
CESR (Cornell)
i 4
Linac A : i
Gun__ Converter - "'{? = , ~ _’;"
. . 5

CHESS ChEss
PEP-11
Rings ™.

Positrons

- . High Energy Ring

KEKBA SuperKEKBKEK, Japan\)\\

PERI (SLAC, Stanford) DAUNE (INFN, Frascat



2000scnow Nf acd+®&r i es o
A Technological challenges addressed:

I HV electrostatic orbit separation fete (CESR)

| Efficient SRF forAmpereclass currents, HOM damping
:
|
|

Asymmetric rings’ KEK-B, PERII, SuperKEKB

" Tight detector background controfacuum and collimation
- SincePERII/KEKB: top-up injection mode of operation

A Beam physics advances:

92

" Advanced optics for tight vertical focusing wlihy cm 1 few mm
" VEPP2060nd bBbeamsD0268oncept

(l ess succhHMesbully CEBKO iflps) ! i d

" DAUNE : #dncrab waisto f olkusaommpero
" KEK-B: crab crossing (limited succe$%)nonobeamgSuperKEKB)
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19705 20105 Hadron Colliders (c=1é7 k

Tevatron (FNAL, Batavia)

<%, HERA (DESY, Hamburg)

LS55 &
UA 2

LSS2
EXTRACTION NORTH

SPPS(CERN)




