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# Outline
= Day One:

* luminosity

* a little history -- the modern synchrotron

* magnets and cavities

* longitudinal dynamics

* transverse dynamics

= Day Two:
* Courant-Snyder variables (the ‘beta’ function)
 transverse emittance
 momentum dispersion and chromaticity
* linear errors and adjustments

= Day Three:
* beam-beam interactions, hour glass and crossing angles
« synchrotron radiation; stored energy; diffusion and emittance growth
 luminosity optimization
* future directions
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# Introduction @ |

= Will touch on technology, but mostly discuss the physics of particle
accelerators, especially relevant to hadron colliding beams synchrotrons

= Will attempt to cover:
* luminosity; how to meet the requirements?
 basic principles of synchrotrons (in particular)
* “the jargon” used in the accelerator/collider environment
« a few major issues encountered at high energy, luminosity

= Will also have two discussion sections for further Q&A, but ask any time!
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Fixed Target Energy
vs. Collider Energy

= Beam/target particles: E;=m,c’

Fixed Target
E,p Fy,0 E,p
o—> O c—>
o>
E*, p
E* =(m*'c*)? + (pe)? = [Eo+EJ . o
m cC

= E§ +2E0E + (E§ + (pc)?)
= V2 Ey[1+pr]Y?

Collider

100,000 TeV FT synch. == 14 TeV LHC
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# Luminosity @)

= Experiments want “collisions/events” -- rate?

* Fixed Target Experiment: y .
A R = Z ',O’A'€°NA'Nbeam
— -
3 — pNAZNbeam - 2
¢ = L-X
ex.. L= pNAENbeam — 1()24/(:m3 - 100 cm - 1013/sec :[1039ch86(33
= Bunched-Beam Colllder: —_— (;) N ()
N , ‘;Partlcles
e % 2
¢ go — fjlv »)
— MZ L = f NV® (10%*cm ™ 2sec ™! for LHC)
1, of N area, A — A
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Integrated Luminosity

= Bunched beam is natural in collider that “accelerates” (more later)

L

~ foBN~
A

fo = rev. frequency
B = no. bunches

* |n ideal case, particles would be “lost” only due to “collisions”

= S0, in this ideal case,
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# Ultimate Number of Collisions @)

= Since R =L->X then, #events= /ﬁ(t)dt »3

= S0, our integrated luminosity is

T
EOT LOT/IO
(T) /0 Ot = A Tins /BNy ~ " 15 £oT/1g

asymptotic limit:

o

L{) p—

Y o _|

Al
L(t I(t BN,

— o —_ —_—
2 g 2 IO p—
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£ > 2 n.
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o o ®
S & e
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S E o
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E T o
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# How to Make Collisions? @N

S

= Simple Model of Synchrotron:
* Accelerating device + magnetic field to bring particle back to accelerate

again

* Field Strength -- determines size, ultimate energy of collider
¢ ex:

p=—=: R=p/f (f~08-09)

€ “packing fraction”

\_ J

B=18T, p=450GeV/c f=0.85— R~1km
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# Magnets @)

* [ron-dominated magnetic fields N turns per pole
of current /
. . (11 ” fon return yoke /7 excitation
* iron will “saturate” at about 2 Tesla
®) d ‘2 _ |/
~ !
S d ONYEREENN-
= Superconducting magnets
+ field determined by distribution of currents
By = % r Cosine-theta” distribution P
o)
—J

current density, J

MICHIGAN STATE
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# Superconducting Designs ,r'

. f \
= Tevatron pumencal [ -
xample.
« 1stSC synchrotron P 47 T m/A 1000 A/mm” (10 mm) 10°mm
. T - 107 2 R
44T, 4°K et )

Tevatron Dipole

Heat Exchanger Pipe

Superconducting Colls

Helium-ll Vessel

Superconducting Bus-Bar

ron Yoke

: -« - ‘\. 2 : > % 4
> 4
-~ l’/
. v 4 ) Non-Magnetic Collars

'] // e

y )

o Vacuum Vessel
Radiation Screen
Thermal Shield
15-m long

uxiliary
Bus Bar Tube

Instrumentation
Feed Throughs

0 (LHC --8T; 1.8°K )
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The Route to Higher Energies &N

S

-
L. 3

= Static electric fields break down at a few MV, need oscillating EM fields

energy gain = q -V
+ -

+ 5 DC systems limited
to a few MV
Circular Accelerator
+/’//‘—”-
V(t)
Q/)
Linear Accelerator

%(qﬁ) - ds = work = A(energy)

E_)E_)@_) To gain energy, a time-varying field is required:

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

= %E-d§:—27{§-dff
Ot
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# Oscillating Fields &)

* The linear accelerator (linac) -- 1928-29

« Wideroe (U. Aachen; grad student!)

» Dreamt up concept of “Ray Transformer” (later, called the “Betatron”);
thesis advisor said was “sure to fail,” and was rejected as a PhD project.

Not deterred, illustrated the principle with a “linear” device, which he made
to work -- got his PhD in engineering

« 50 keV; accelerated heavy ions (K*, Na*)
« utilized oscillating voltage of 25 kV @ 1 MHz

* The Cyclotron -- 1930's, Lawrence (U. California)

e read Wideroe’s paper (actually, looked at the pictures!)
e an extended “linac” unappealing -- make it more compact:

/ 7 - .
' l"', AT e 5———- o \ 11 inch diameter
L gy

)ﬂ e 11 . 4.5 inch diameter!

o— e | _q¢-B

T 2mm
=9
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# Stable Acceleration @)

* Principal of phase stability 1/\ A
; 7 \¢
« McMillan (U. California) and Veksler (Russia) zl/ 65\/‘.{:)“\*
¢

Lass

* Imagine: particle circulating in field, B; along orbit, arrange particle to pass through
a cavity with max. voltage V, oscillating at frequency h x frev (
suppose particle arrives near time of zero-crossing

* net acceleration/deceleration = eV sin(wAt)

= |f arrives late, more voltage is applied; arrives early, gets less
« thus, a restoring force --> energy oscillation

“Synchrotron Oscillations”

* In general, lower momentum particles take longer, arrive late gain extra momentum

* Next, slowly raise the strength of B; if raised adiabatically, oscillations continue about
the “synchronous”™ momentum, defined by p = eB'‘R for constant R

= This is the principle behind the synchrotron, used in all major HEP accelerators today
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# Longitudinal Motion f

= Say ideal particle arrives at cavity with phase ¢s:

dE , dB
= foeVsingp, ~ —

dt dt
= Particles arriving nearby in phase, and nearby in energy will oscillate
about these ideal conditions ... By = BB VRG]
n{4+l — n ’ S Yn ~ ¢ 8
* Phase Space | { Pn+1 = On+2mh- SQUE AL J
plot: AE | ' S
; O G ¢

Regions of
Stability

» Adiabatic increase of bend field generates stable phase space regions;
particles oscillate, follow along

= “‘bunched” beam; h= fs/fev = # of possible bunches

=9 6
on &
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# Bunched Beam @

= Create a bunched beam in an upstream injector

= EXx: inject a DC beam and adiabatically raise voltage of RF cavities
* here, h= "1/ frev = 4

eVin) = 002keV

40 | | |

20 =

s " A ) . - Lol e P A N TN - . ALY o ,~/'.,.-.' Tt . AL ' N ) oA %% - - ’ 3
Lo B . o S S A e gt ey L A L AN ;'..;,-"._" e T e St ;_:.’,r) A T RE T bt
0§ G G a NAREV O S ek G Ta 7 8 S el s e S 2 R I T A M e el T DS S S R RS S S G E g
Ty Tt L S R R S e e e S e (R A ARty Y s

AE (MeV)

— 20k B

_40 | | |
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# Buckets, Bunches, Batches, ... D)

S

» Stable phase space region is called a bucket.
 Boundary is the separatrix; only an approximation

« @s=0, T -- particles outside bucket remain in accelerator
» *DC beam”

* For other values of @s -- particles outside bucket are lost
» DC beam from injection is lost upon acceleration

» Bunches of particles occupy buckets; but not all buckets need be
occupied.

= Batches (or, bunch trains) are groupings of bunches formed in
specific patterns, often from upstream accelerators

MICHIGAN STATE
UNIVERSITY
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# Acceleration @)

200 T T T 1 T T T

= Stable regions shrink as 108
begin to accelerate

Energy Difference, MeV

* |[f beam phase space
area Is too large (or if DC o
beam exists), can lose ;
particles in the process M
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T
L. 2

= Stable regions shrink as
begin to accelerate

* |[f beam phase space
area is too large (or if DC
beam exists), can lose
particles in the process
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Longitudinal Dynamics

@)

= The longitudinal (Az-Ap;, or At-AE) dynamics through the accelerator is
essentially the same in synchrotrons and linacs

= Time between
cavities: T1=1L/v
 particles arrive at
a phase with
respect to the RF
period which
depends upon
time to travel
between cavities

* this time can
depend upon their

speed as well as
the path the
particles take

Equations of motion:

f

e+ o (e ) ]

» path length may depend upon speed as
well -- through bending regions, for instance

.\\l ALy,
| h
| AT
| ?{ma = @, + tﬂ; AE py,
o e J
TRACK | o apprewimste vl diff egla .
f‘g = eV (amp- asdy)
prele wtl ke oo [fa e go b a(brbul'n]\ wpon G(n,p)
"Cs < 2T &= _ &4 s ) of
T= T < T w v AP
& 1|86
T EE
£ (-0 ~
‘(g _é_e: = :}C A?P
C
T (1= Ay fpten) o
NS g
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# Stability and Synchrotron Tune

= Combining the above difference equations, and taking the
differential limit leads us to the phase equation

2 ¢
dd:j) = (éf’gjcv COS ng) sin A¢  where A = ¢ - §,.
* For small angles we have simple harmonic motion, with
frequency QA= —QW}”}@V COS @
s /82E6 S

= The quantity v, is the synchrotron tune and is the number of

synchrotron oscillations which occur per revolution. At 150
GeV in the Tevatron, for example, we get

hip 1113 - 1/182 1
s =4|— 2V COS@Pg = 4 [ — 1)(-1) =
. \/ B, T \/ 2m(150 x 10%) VD~ o0

MICHIGAN STATE
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Acceptance and Emittance &N

= Stable region often called
an RF “bucket” | | '

« “contains” the particles Separatrix | A AW
| l

= Maximum vertical extent is
the maximum spread in
energy that can be
accelerated through the
system —
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T
L. 3

= Stable region often called
an RF “bucket”

« “contains” the particles

= Maximum vertical extent is
the maximum spread in
energy that can be
accelerated through the
system AE

» Desire the beam particles
to occupy much smaller
area in the phase space

|

Separatrix % |

Acceptance and Emittance

| l

Stable

|
|
I
l

area: “eV-sec’

Note: E, t canonical
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# Summary of Longitudinal Motion

= S0, we have our simple picture of a synchrotron in which the cavity or set
of cavities -- operating at an ‘RF’ frequency -- form h bunches about the

circumference

* The particles are guided around the accelerator by a (vertical) bending
field of strength B corresponding to the bending radius R and the central
momentum p of the particle distribution

= The maximum voltage of the RF system will determine the possible
energy spread that can be contained within the accelerator

= Particles nearby the ideal energy will oscillate about the ideal energy
(synchrotron oscillations) with the “synchrotron frequency”

MICHIGAN STATE
UNIVERSITY
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Keeping Focused

= |n addition to increasing the particle’s energy, must keep the beam
focused transversely along its journey

= Early accelerators employed what is now called "weak focusing”

_—
—_—
— —
-

must have
J<n<1

MICHIGAN STATE
UNIVERSITY

for stability

&
FRIB

n is determined by
adjusting the opening
angle between the poles
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= Room for improvement... @

= With weak focusing, for a given transverse angular deflection, [xmaw ~

= Thus, aperture ~ radius ~ energy

=y Cosmotron (1952)

L < .

. «Q

- -

EY .‘

(3.3 GeV)
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=

= Room for improvement... @)

= With weak focusing, for a given transverse angular deflection, [xmax ~

= Thus, aperture ~ radius ~ energy

’ E

r‘ : ,..\- ~u -‘... : ,
e VAN
Bevatron (1954) "7 S ZNIBENY l&ﬂ “«
'/ \ - - anl, ‘ “." ’-‘“‘ l : .\\‘ .':.
(6 GﬁV) e ——" ; i : *.'U"R'.t A ’j )_5 -

Could actually sit
inside the vacuum
chamber!!

‘o f.-‘&)v-"ﬂ\‘_b"ﬂ BAVIN s

| D |

f’ beam dlrectlon i
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-.“-'.‘ Z Strong Focusing @
* Think of standard focusing scheme as alternating

system of focusing and defocusing lenses (today,
use quadrupole magnets) i T b

but defocus in other: if alternate, can have net

= Quadrupole will focus in one transverse plane, R l
focusing in both

e FODO cells:

J\

MICHIGAN STATE
UNIVERSITY
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=

e Separated Function @)

= Until late 60’s, synchrotron magnets (wedge-shaped variety) both focused
and steered the particles in a circle. ("combined function”)

= With Fermilab Main Ring and CERN SpS, use “dipole” magnets to steer,
and use “quadrupole” magnets to focus

= Quadrupole magnets, with alternating field gradients, “focus” particles
about the central trajectory -- act like lenses

= Thin lens focal length:
Az’ =eB,{/p = (eB'¢/p)x — 1/F =eB'¢/p
\\\ \

l

p X8

. \v

— \/
. S
~ 4 TN .
e >
—_ _.\k.*‘ _'- : ~

A 4

and L=30m

< |:||> # Fermilab Logo
Tevatron: B'=77T/m, £=17m— F=25m @ ¥

MICHIGAN STATE
UNIVERSITY

M. Syphers  HCPSS2012 Aug 2012 26



Transverse Equations of Motion (@)

= Reference Trajectory and Local Coordinate System

* Electrostatic -- low energy
* Magnetic -- high energy

&

* Lorentz Force F — ¢

= Magnetic Rigidity

MICHIGAN STATE
UNIVERSITY
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-

Linear Restoring Forces @)

= Wish to look at motion “near” the ideal trajectory of the accelerator

system
By = B, + B’X
. . . f— 4
= Assume linear guide fields: -- B, = B’y
dS 7,”(/“([1;‘\2,1] ev. By
1 o .
d“(Xgq + x) |
- T ds . Tm———m= = evg1 By (X)
u (l_‘l_ — ([_I_fﬁ — ;I',lysnOtlon- X _ (1[— 9 | /, .
dt  ds dt ds ym(Xg +z"W; = —evaBy(X)
’f:llll'..,-.l", = —€ (‘Tl 1}‘,, -+ (']}(]
P ymua” = — !U,, (1 | "') 1)’“]
. p
(].S'l _ (]_5 o/ —— _i {(By o [g“.) 1 ]}!/'i]
p+x  p 5 i
d@ R~ l [b".r i b’n'l]
Bp 7
=o -
MICHIGAN STATE o~ ’
UNIVERSITY @‘ w M. Syphers  HCPSS2012 Aug 2012 28




# Hill’s Equation D)

= Now, for vertical motion: Wmdg@ ~ 0
d*(Yy +v)
B, = B, + B'x Y = eva By(Y)
BX = B'y 'Ymvgy// = evs1 By (Y)
1 Us1
TMusy — 6”0 By
= So we have, . ( x)
ymugsy = eB, |1+ —
to lowest order, p
(& xr
noo _ - Bx 14+ =
4 B/ 1 h Y p [ ( P)]
:1:( .LQ)Q; _ - (2,
Lp p Bp
B/
y// . <B_> y — O
\§ '0 J

Hill's Equation
General Form: oo 14 K(s)z =0

*As accelerate, scale K with momentum; becomes purely geometrical

MICHIGAN STATE
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Piecewise Method of Solution Q)

» Hill's Equation: " + K(s)r =0

-
L. 2

* Though K(s) changes along the design trajectory, it is typically constant, in a

piecewise fashion, through individual elements (drift, sector mag, quad,
edge, ...)

+ K=0: 4t 2'=0 — x(s) =z + 248

<
Lo

+ K>0: ., xr(s) = xgcos(VK s) A - sin(V K s)
%&ﬁféﬂ vV K
dge /
e K<0: - z(s) = xgcosh(y/|K|s) 4 0

sinh(+/|K|s
JIK] (VIK]s)

Here, x refers to horizontal or vertical motion, with relevant value of K

MICHIGAN STATE
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-

=5 Piecewise Method -- Matrix Formalism {

=  Write solution to each piece in matrix form
 for each, assume K = constant froms=0tos=1L

_ z | . 2y
0: (.1">_<() 1)(.:{,)
_ ( 2 cos(VKL) ﬁsin(\/ﬁL) To )
"K>0: T ) -\ —V/Ksin(vVKL)  cos(VKL) ( g

cosh(/|K|L) \/I_smh (v/|K|L) (,())
/|K|sinh(,/|K|L) cosh(/|K|L) )

= K

= K<O0:

e T
o AN
|

MICHIGAN STATE
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“Thin Lens” Quadrupole @)

* |f quadrupole magnet is short enough, particle’s offset through the quad
does not change by much, but the slope of the trajectory does -- acts like
a “thin lens” in geometrical optics

-
L. 2

= Take limit as L --> 0, while KL remains finite

[ remrny iy )~ (ke $)=(5 1)

* (similarly, for defocusing quadrupole)

= Valid approx., if F >> L
t x(S)

MICHIGAN STATE
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Piecewise Method -- Matrix Formalism f

-
L. 2

= Arbitrary trajectory, relative to the design trajectory, can be computed via
matrix multiplication

L N | | : ‘. N
( / ,?\ ) = MnMpn_1 -+ MoM, ( " 5 ) )
- Lo

MICHIGAN STATE
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# Stability Criterion @)

* For single pass through a short system of elements, above may be all we
need to know to describe the system. But, suppose the “system” is very
long and made of many repetitions of the same type of elements (or,
perhaps the “repetition” is a complete circular accelerator, for instance) --
how to show that the motion is stable for many (infinite?) passages?

* ook at matrix describing motion for one passage:
M=MnyMpn_1 --- MyM;

= \We want:

( :c/ ) = M’“( :C, ) finite as k — oo for arbitrary ( a:, )
& of '/, 148

MICHIGAN STATE
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1{-'-1 B Stability Criterion @\
B . B . B L L 1% : e_igenvector
Xk: = M XO — W, (AV1 -+ BVQ) = A)‘l Vl - B)\2V2 )\ = eigenvalue

detM:1:)\1)\2_>)\2:1/)\1_>)\:e::i,u,

If 11 Is Imaginary, then repeated application of M gives
exponential growth; if 1 real, gives oscillatory solutions...

characteristic equation: det(M — AI) =0

c d

if M = ( = ),then (@a—A)(d—A)—bc=0

> /\2—(a+d))\+(ad—bc):()

A2 —trM M\

1=0

A1/ A=trM

et e ™ =2cospu=trM

MICHIGAN STATE
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So, p real (stability)
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# Example: Application to FODO system

= (e 1) (o 1) (e 1) (o 1)

(e e ) (e 1iir )

- Wil 9LslD
( —L/F? 1—L/F—L2/F2>

M

So, trM = 2 — L?/F? and thus, for stability,

—2<2-L%/F? <2

—|
= ___

| —4< -L*/F? <0
| B L2

and fepeat. ..

=9 €
on &

NSCL FRIB

e < T=_ __
—
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# Can now make LARGE accelerators!

= Since the lens spacing can be made arbitrarily short, with corresponding
focusing field strengths, then in principal can make beam transport
systems (and linacs and synchrotrons, for instance) of arbitrary size

* |nstrumental in paving the way for very large accelerators, both linacs and
especially synchrotrons, where the bending and focusing functions can be
separated into distinct magnet types

MICHIGAN STATE
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Strong Focusing -- what it means @)

= Essentially, if focus ( positive gradient, say), and then defocus (negative
gradient), with appropriate “lens” spacing, then can control beam size
over great distances

1.1 1 d
F o fi fa hf
2
= Ex: simple system of lenses, spaced by d: fo=—-fi — F==>0

So, can in principle generate
arbitrarily long focusing system:

oy e A
AGS construction, Brookhaven, New York

MICHIGAN STATE
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Example: Fermilab Main Injector

Bending Magnets

~ 2 mile
circumference

A Focusing Magnets

L e
g - $ 7 By 2
e ik
o SR | T
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The Notion of an Amplitude Function... {()

ok

* )\
) | “l"

B Track single particle(s)
through a periodic system

m Can represent either
® multiple passages around a
circular accelerator, or
® multiple particles through a
beam line

Can we describe the maximum amplitude of
particle excursions in analytical form?

of course! coming up...

M. Syphers HCPSS2012  Aug 2012 40



4+ Break till Day Two...

= Tomorrow:

Analytical formulation of beam optics and transverse oscillations
» the “beta function”

Transverse beam emittance and phase space
Chromatic effects, momentum dispersion
Accelerator “lattice”

Errors and adjustments
» orbits, tunes, and resonances

M. Syphers  HCPSS2012 Aug 2012
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