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Transverse Beam Dynamics 1

s «« and so I hope that everybody will find something useful in these lectures ...

... be it physics, entertainement or ... consolation*

I.) Linear Beam Optftics
Single Particle Trajectories
Magnets and Focusing Fields
Tune & Orbit



Luminosity Run of a typical storage ring:

LHC Storage Ring: Protons accelerated and stored for 12 hours
distance of particles travelling at about v = ¢
L=10"-10" km
... several times Sun - Pluto and back )

intensity (10")

7 3500

31 — -3000
x L2500 3
2 - -2000%
-1500 =
1 - -1000 S

-500

 amm—— T T T T T 0
17:00 20:00 23:00 02:00 05:00

= guide the particles on a well defined orbit (,,design orbit*)
—>  focus the particles to keep each single particle trajectory
within the vacuum chamber of the storage ring, i.e. close to the design orbit.




1.) Introduction and Basic Ideas

» « iN the end and after all it should be a kind of circular machine*
- need transverse deflecting force

Lorent force F=q *&4‘ VX B)
. e 7 . 8
typical velocity in high energy machines: v=c=3*10 ’%
Example:
%
B=1T — F=g3%10°2x1-=
) m technical limit for electrical field
MV
m E<l—
— m
equivalent electrical field E




old greek dictum of wisdom:
if you are clever, you use magnetic fields in an accelerator wherever
it is possible.

y
The ideal circular orbit
S
circular coordinate system
condition for circular orbit:
\
Lorentz force F p =evy B
2 4
centrifugal force F = ym, v ; =bp

B p = "beam rigidity"




2.) The Magnetic Guide Field

Dipole Magnets:
define the ideal orbit B =t !
homogeneous field created h
by two flat pole shoes

4 _ b

—=Bp — p=—"

e B*e

The bending radius ... and so the size of the machine is determined by
the dipole field and the particle momentum

convenient units: Example LHC:
-
B =83T
B [T]= L&; _ GeV )
m c GeV > 0 =2.53km
p=7000
c y




The Magnetic Guide Field

1.0—

0.5

Magn. Induktion B(T)

0 \ [ , | . 1 l N

field map of a storage ring dipole magnet
B=1..8T

The dipole magnets of a storage ring (or synchrotron) create a circle (... better polygon)
of circumference 2np and define the maximum momentum of the particle beam.

Example LHC: —  2gp=17.6 km
= 66%

About 1/3 of the ring size is still needed for straight sections, rf cavities, diagnostics,
injection, extraction, high energy physics detectors etc etc



The Problem:

Georg Simon Ohm

LHC Design Magnet current: I=11850 A

and the machine is 27 km long !!!

Ohm’slaw: U =R*], P=R*]’

Problem:
reduce ohmic losses to the absolute minimum

Born 17 March 1788
Erlangen, Germany

The Solution:

super conductivity




Super Conductivity ...
. and why we run at 1.9 K

- 1800
discovery of sc. by H. Kammerling Onnes, X ' I
Leiden 1911 S 1
~ L ¢ sa:llntcd \
0,459 i 1200 [—FBr uriseql (L byr) (l
5 [
0,425 / -

0,40

i 100 |
0,075 % : f

0,05 [ j
600
0,025 L
15 [
00

0'004°00 Vs 420 320 540

13 1L+ L5 186 L7 18 19 2 21 22 23
TIK)
thermal conductivity of fl. Helium
in supra fluid state



LHC: The -1232- Main Dipole Magnets

LHC DIPOLE : STANDARD CROSS-SECTION

Quadrupole
Heat : bus-bars
exchanger /
. e Superconductin
Beam pipe coils J

(108 H2/m?3)

Collars
Vacuum Beai
-6
Vesns]ﬁla(rlo screen required field quality:
AB/B=10 +#

Iron Dipole

yoke | bus-bars
Thermal ~15m

shield 8.3 T, 11.87 kA

T=19K, ~27.5 ton

6 um Ni-Ti filament




3.) Focusing Properties - Transverse Beam Optics

... keeping the flocs together:
In addition to the pure bending of the beam
we have to keep 10" particles close together

classical mechanics: f
pendulum there is a restoring force, proportional
to the elongation x:
F=m%*a
— - d*x
=m*——=-c*x
dt
general solution: free harmonic oszillation x(z‘ ) =A* COS(C()f + q&)

of a pendulum



Quadrupole Magnets:

In a Storage Ring: we need a Lorent; force that rises as a F (X) —g*v* B (X)
Sfunction of the distance fo ........ 7 ...... the design orbit q

required: focusing forces to keep trajectories in
vicinity of the ideal orbit

linear increasing Lorentz force

linear increasing magnetic field

B, =gx B.=gy

LHC main quadrupole magnet

Integrated Gradient 690 T

Nominal Temperature 1.9 K

Nominal Gradient 223 T/m

Peak Field in Conductor 6.85 T §~25..220 T/m
Temperature Margin 2.19 K

Working Point on Load Line 80.3 %o

Nominal Current 11870 A

Magnetic Length 3.10 M

Beam Separation distance (cold) 194.0 mm




Focusing forces and particle trajectories:

normalise magnet fields to momentum
(remember: B¥p=p/q )

Dipole Magnet Quadrupole Magnet

B=B=1 k:=g




4.) A Bit of Theory
The large Storage Rings and ,,Synchrotrons*



The Equation of Motion:

B(x)=1 + kx + —mx" +—mwx +..
p/e e, 2! 3!

only terms linear in x, y taken into account dipole fields
quadrupole fields

Separate Function Machines:

Split the magnets and optimise
them according to their job:

bending, focusing etc

Example:
heavy ion storage ring TSR

man sieht nur

dipole und quads = linear




The Equation of Motion:

%  Equation for the horizontal motion:

x”+x(iz+k)=()
o

x = particle amplitude
x’ = angle of particle trajectory (wrt ideal path line)

w Equation for the vertical motion:

—=0 no dipoles ... in general ...

k < -k quadrupole field changes sign

y'=ky=0




5.) Solution of Trajectory Equations

Define ... hor. plane: K= 1/p? +k
.. vert. Plane: K=-k

x'"+Kx=0

Differential Equation of harmonic oscillator ... with spring constant K

Ansatz:  Hor. Focusing Quadrupole K > 0:

x(s) = X, 'cos(\/@é‘) + X, ﬁ Sin(\/@S ) I /\ """"""""""""""""""""""" .I

x'(s) = —xg " /|K| -sin(y /|K|S) + x(, - cos(4 /|K|S) o

For convenience expressed in matrix formalism:

N ) cosm,) -
( )sl_ foc( )so R sin (R cos(Fl)



s=sl

hor. defocusing quadrupole: | N [ v

x” - K x = O --------
.................... ) \ ‘

Ansatz: Remember from school

1
cosh . /|K |l sinh /| K|/
JEI i i€

x(s) = a, -cosh(ws) + a, *sinh(w s) M f o=
1/|K| sinh , /|K|I cosh,/|K|I
drift space: e
K= 0 ..............................
x(s)=x,*s 1 7
M, . =
drif't (0 1)

! with the assumptions made, the motion in the horizontal and vertical planes are
independent ,, ... the particle motion in x & y is uncoupled*




,venl vidi vicl ...* .... or in english .... ,,we got it !*

* we can calculate the trajectory of a single particle, inside a
storage ring magnet (lattice element)

* for arbitrary initial conditions x, X",

* we can combine these trajectory parts (also mathematically)
and so get the complete transverse trajectory around
the storage ring

M 101 = Mop * M, *MQD * M pena ¥ M pe

Beispiel: horizontal
Speichering fiir focussing
Fufgdnger quadrupole lens
(Wille)

dipole magnet

horizontal
defokussing
quadrupole lens




Transformation through a system of lattice elements

combine the single element solutions by multiplication of the matrices

e, focusing lens
R N
M, =My *Mp* My, * Mg, * M ST
total QF D OD Bend D*..... 8 \ 8 dipole magnet
| _:— defocusing lens
_ x ]
X s2 X sl court. K. Wille

in each accelerator element the particle trajectory corresponds to the movement of a
harmonic oscillator !!!

GO Lt 1
x(s) Teilchenbahnen und Enveloppe

typical values

in a strong

foc. machine:
xX~mm,x <mrad




Beam Status (=)

800
(DZD(E < ) () () hitp://hcc.web.cem.ch/hcc/beam/by_beam.php vz v JR(Glz( Google Q
Most Visited = HEP~ CERN

p:
~ ATLAS~ CAF~ DDM~ FDR~ Operation~ SW~ DP~ Tools~ TMVA~ Gfitter~ g-2v EPJ~ %

POINT 5
Cms

POINT 6
Dump

LHC Operation: Beam Commissioning

First turn steering "'by sector:"

POINT 7
0One beam at the time eaon
aBeam through 1 sector (1/8 ring),
correct trajectory, open collimator and move on.

Beam 1 P?\IJ\IT 1 Beam 2
| YASP DV LHCRING / INJ-TEST-NB / beam 2 i e T8 sty romosam
Rviews | R (m|&lee| T3] E more |48
FT - P450.12 GeV/c - Fill # 830 INIPROT - 107 007 08 15— 00— 58 i B
P Tneap -0.336 / RNS = 2.868 /[Dp = -0.37 ; ;
e ; z
= v ] ’ 0 i
$ Il 1] ; g I l
T i 2 i E
i ? ?
. [ATLAS| [AucH [RF-B2] S| DUMP-B2 iN)-B2
0 100 200 300 400 500
Monitor H
£ ] I ¥ I
8 I 1] g
- f .
0 ATIlAS ALICE W CMS DUM'I’-B2 m
0 100 200 300 400 500

Monitor V




= YASP DV LHCRING / INJ-TEST-NB / beam 1 B

Rviews | R (m 22| g B More | k4B

[ ]
L] FT - P450.12 GeV/c - Fill # 827 INJDUMP - 10/09/08 10-41-34
6.) Orbit & Tune: ;

an = 10.590 / RAS = 4.37 / Dp = -C.f1

I“l “llh Hu.l]n
|

. . Ny -B1 [resests)
Tune: number of oscillations per turn — "

CMS|

Monitor H
FT - P450.12 GeV/c - Fill # 827 INJDUMP - 10/09/08 10-41-34 [N

Mean = -0.323 /RM§ = 3.581 / Dp = -0.71
64.31 : 5
= |
-]

59.32 " WWMW|

Chs] LHC)
T T T T T
100 200 300 400 500

Relevant for beam stability:
non integer part

LHC revolution frequency: 11.3 kHz 0.31*11.3=3.5kHz

... and the tunes in x and y are
different.

i.e. we can apply different
focusing forces in the two planes

i.e. we can create different
beam sizes in the two planes




Tune and Resonances

To avoid resonance conditions the frequency of the transverse motion must not
be equal (or a integer multiple) of the revolution frequency

1*0.=1 > Q.=1I
Qy =15 | %0, =1 -> 0.=0.5

in general:

m*Q +n*0 +H*0 = integer

Oy =1.3

Tune diagram up to 3rd order

Ox =1.0 Ox =1.3 Ox =1.5



Resonance Problem: Why do we have so stupid non-integer tunes ?

“0 = 64.0” sounds much better

Integer tunes lead to a resonant increase of the closed orbit amplitude in

Qualitatively spoken: presence of the smallest dipole field error.

Teilchenmnbahnen und Enveloppe

]

1
VB * [ p\/ﬁ? *cos(y, 1, — 1Q) ds
Orbit in case of a small dipole error: Xoo(8) = . 2sin 0

\_'_I

Assume: Tune = integer Oo=1 — 0



Quadrupole Magnets ... and Beam Size

Quadrupoles ...

... focus every single particle trajectory towards the centre of the vacuum chamber
... define the beam size ... and divergence

. .produce” the tune
. increase the luminosity

Example: particle trajectory
defined in amplitude and
oscillation frequency by
the quadrupole gradients

Example.

LHC bunch in the arc of the storage ring
[=13cm,

x=y=0.3mm

(Z,35,YD



Question: what will happen, if the particle performs a second turn ?

w.. OF a third one or ... 100 turns

DrERE AT L dm 1

Teilchenbahnen und Enveloppe




Transverse Beam Dynamics I1

I) Linear Beam Optics
Single Particle Trajectories

Magnets and Focusing Fields
Tune & Orbit

IT) The State of the Art in High Energy Machines:

The Theory of Synchrotrons:
Linear Beam Optics
The Beam as Particle Ensemble
Emittance and Beta-Function
Colliding Beams & Luminosity
... how does it work ?"
.,...does it 2"



II Storage Rings

Lattice Design and Acceleration



19th century:

Astronomer Hill:

differential equation for motions with periodic focusing properties
»Hill‘s equation*

Example: particle motion with
periodic coefficient

equation of motion: x"(s)=k(s)x(s)=0
restoring force % const, we expect a kind of quasi harmonic
k(s) = depending on the position s oscillation: amplitude & phase will depend

k(s+L) = k(s), periodic function on the position s in the ring.



7.) The Beta Function

» it Is convenient to see* ... after some beer ... we make two statements:

1.) There exists a mathematical function, that defines the envelope of all particle trajectories
and so can act as measure for the beam size. We call it the f} — function.

2.) Whow !!

A particle oscillation can then be written in the form

x(s) = \/; * | B(s) *cos@ (s) + ) & © = integration constants

determined by initial conditions

P(s) periodic function given by focusing properties of the lattice — quadrupoles
B(s+L)=p(s)

& beam emittance = woozilycity of the particle ensemble, intrinsic beam parameter,
cannot be changed by the foc. properties.

scientifiquely spoken: area covered in transverse x, x " phase space
... and it is constant !!!



The Beta Function

Magnet—qr

If we obtain the x, x’ coordinates of a particle
trajectory via

| =M(SZ,S1)*

s2

X

sl

The maximum size of any particle amplitude at
a position “s” is given by

#(s) = Ve B(s)

Anzahl Sigma 7

Teilchenbahnen und Enveloppe

[ determines the beam size
(... the envelope of all particle
trajectories at a given position
“s” in the storage ring.

x/mm —=->

It reflects the periodicity of the
magnet structure.




8.) Beam Emittance and Phase Space Ellipse

general solution of D x(s) =& VB (5) cos(y(s) +¢)
Hill equation 3 Ve

2)  x(s)=- N0 {a(s) cos( (s) + ) +sin( (s) + ) }

from (1) we get

-1
(5)=—B'(s)

_x(s) A=
cos(i)(s)+) =~ 5 oy
y(s) = 50s)

Insert into (2) and solve for &

e =y(s) x*(s) +2a(s)x(s)x'(s) + B(s) x'*(5)

* & is a constant of the motion ... it is independent of ,,s“
* parametric representation of an ellipse in the x x* space
* shape and orientation of ellipse are given by a, f, y




Phase Space Ellipse
particel trajectory: x(s) = \/;‘\/ B (s) cos {1// (s)+ ¢}

max. Amplitude: X(s) =+/eB x " at that position ...?

... put 5(s)into € =y(8) X*(s) +2a(s)x(s)x'(s) + B(s) X'*(s)  and solve for x”
£=y-&f +2a./ef - X + Px
x'=-a-.e/p

<. A high B-function means a large beam size and a small beam divergence. !
... etviceversa ll!

% In the middle of a quadrupole f§ = maximum,
a = zero

R\
I
S

... and the ellipse is flat



Beam Emittance and Phase Space Ellipse

In phase space x, x’ a particle oscillation, observed at a given position “s”

is running on an ellipse ... making Q revolutions per turn.

in the ring

x(5) = Ve */B(s) * cos(y(s) + @)

Liouville: in reasonable storage rings
area in phase space is constant.

Jor
/

A = w¥*s=const




Particle Tracking in a Storage Ring

Calculate x, x° for each linear accelerator
element according to matrix formalism

plot x, x“as a function of ,s"

10 T T T T T

Xt 0 _

-10 | | | |
0 20 40 60 30 100

10 I I I I I

¥t 0 ]

0 20 40 60 30 100



.. and now the ellipse:

note for each turn x, x"at a given position ,s;" and plot in the
phase space diagram

10 I I I
5 _
XXX
(] 0F _
XXX
_5 - —
- | | |
10-IU =3 0 5 10



Emittance of the Particle Ensemble:

"
|
|
I

C=Z.3X,XD

-0.04 —

+ +

Xn,1-%n ,2:%n ,3-%n 4

0.1




Emittance of the Particle Ensemble:

x(s) = e \[B(s) - cos(W(s) + ) 3(s) = Ve B(s)

Teilchenbohnen und Enveloppe
\
;
2
1 x
.

Gauﬁ p(x)_ N € -e 2Uixz
Particle Distribution: V27 o,

JAE G particle at distance 1 ¢ from centre
< 68.3 % of all beam particles

< 10 20 jeivl

5/r0 e

single particle trajectories, N = 10 ' per bunch

LHC: [=180m

e=5*10"mrad

O =\Je*B =510 m*180m = 0.3 mm

2 T T T T T T T

05—

aperture requirements: r ,= 12 * ¢

0.15 02



The ,,not so ideal* World
Lattice Design in Particle Accelerators

1952: Courant, Livingston, Snyder:
Theory of strong focusing in particle beams



Recapitulation: ...the story with the matrices !!!

Equation of Motion: Solution of Trajectory Equations
" _ _ 2 _ .
x +Kx=0 K =1/p? —k ... hor. plane: X oM X
K=k ... vert. Plane: x' o x' 50
[ = v (U
................................................... e (0 1)

J Iy COS(\/WI ) \/‘1?‘ sin(\/m l)
p—— T

cosh(/|K|D) \/‘%‘ sinh(,/|K|/)
JIK|sinh(\[K|1)  cosh(,/|K]r)

|A .................................. ‘ M 1os e =

=MQF >X<]‘ID*]WB*jup*jugp*jup>X<



9. ) Lattice Design: »e. hOWw to build a storage ring*

Geometry of the ring: B*p=p/e p = momentum of the particle,
p = curvature radius

Bp= beam rigidity
Circular Orbit: bending angle of one dipole

ds _dl _Bdl

o = =
p p Bp

The angle run out in one revolution
must be 2, so for a full circle

[ Bai
o= B— =27
P Y/
[Bai=22" : . :
- ... defines the integrated dipole field around the machine.



7000 GeV Proton storage ring
dipole magnets N = 1232
[=15m
q=+le

delleB=2:tp/e

9
_ 27 7000 10" eV _ 23 Tesla

1232 15m 3 10° ™% ¢
A)




10.) Transfer Matrix M

my appologies: two slides for the experts
... and for Verena who will need it afterwards ...

x(s) = e/ B(s) cosfy (s) + ¢}

general solution N
of Hill’s equation , -VE :
f 1 x(s)= [a(s) cos {I/J (s) +¢}+ sin {I/J (s) +¢}]
V B(s)
remember the trigonometrical gymnastics: sin(a +b) = ... etc

x(s) = \/;\/FS (cosws COS¢ —siny sin¢)

—\E : : : :
x'(s) = —[as COSY/, COS@P —a, SINY SN +SINY  COSP + COsyY  SIn ¢]

N3

starting at point s(0) = s,, where we put ¥(0) = 0

COS ) = 0
By N inserting above ...
) | ) O X
Sing = ———=(X)+/ By +—=2)
Je VB, )



x(s) = \/giz{cosws +a, sinws}xo + {//J’S/J’O siny }x(’)

x'(s) =

By - :
oy — O, cosw -(I+ya,)smy, Cosy, — o, siny
[ [)) /50 {( 0 0 }XO /))S { }xo

X x
which can be expressed ... for convenience ... in matrix form ( ,) =M ( ,)
X
s 0

\/7(00st + SlIll/JS) BBy siny

—ag)cosy, —(1+aya, )siny,

N //g(; (cosy, —a, siny, )
S0

* we can calculate the single particle trajectories between two locations in the ring,
if we know the a [ y at these positions.
* and nothing but the a f y at these positions.

N |

. Aquivalenz der Matrizen



LHC: Lattice Design
the ARC 90° FoDo in both planes

106.90 m .
O 0O
A \ D | 1 \
33 . 2 -
MBB ;... . MBA :l':....’.._; l‘—...!!...I.......E....I:
THE THE.

MO MQT MOS

equipped with additional corrector coils

MB: main dipole

MQ: main quadrupole

MQT: Trim quadrupole

MQS: Skew trim quadrupole

MO: Lattice octupole (Landau damping)
MSCB: Skew sextupole

Orbit corrector dipoles

MCS: Spool piece sextupole

MCDO: Spool piece 8 /10 pole

BPM: Beam position monitor + diagnostics




A magnet structure consisting of focusing and defocusing quadrupole lenses in

FoDo-Lattice
alternating order with nothing in
(Nothing = elements that can be neglected on first sight: drift, bending magnets,
RF structures ... and especially experiments...)
= sso.{ B :
‘g’ 500. - -‘
= 450. - -
400. - J
350. - -
300. - .
A 250. = I I =
— :

7 > 16.2 24.3

oo/ i

Starting point for the calculation: in the middle of a focusing quadrupole

Phase advance per cell p = 45°,
-> calculate the twiss parameters for a periodic solution
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11.) Insertions
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B-Function in a Drift:

£2
)= P, +—
/3()/3+/3

0

At the end of a long symmetric
drift space the beta function
reaches its maximum value in the
complete lattice.

-> here we get the largest beam
dimension.

-> keep | as small as possible

a
\ 4
a
\ 4

Magnet—qr

Anzahl Sigma 7

7 sigma beam size inside a mini beta quadrupole



drift spaces

in

... unfortunately ... in general
high energy detectors that are
talled in that

ins

... clearly there is an




11.) The Mini-p Insertion & Luminosity:

production rate of events is determined by the cross section Z_,
and a parameter L that is given by the design of the accelerator:
... the luminosity

12 1
R=L*X ~107°bH-25—— = somel000 H
react 1 0_1 5 b
1
]
:
1 S e 25( T T T T \ \
g Vs=7Tev % @ [ ATLAS Preliminary \s=8TeV
=10 -3 — [ [ LHC Delivered ] remember:
1% 3¢ > Al [T ATIAC Danavdan
EH = 20— [ —
X g 20 - ] 1b=10"2 cm?
: ¢ [ | Ldt=25f" —
S S N =~ £ [ = ]
j; 1 i react lp b E _f f -
2 J E 3 15[ Total Recorded: 213 b o
o Wy, 3 o L -
] kol N ]
ol - T L ]
10" 3 - 8 10 .
1 3 e [ ]
: ] © N ]
1 o 5 7
10? i - 1
T 200 300 400 500 _ __ 1000 0 ' R
: M, [GeV] 1/4 116 18 1/10 1/12
I Day in 2012

The luminosity is a storage ring quality parameter and depends on beam size ([} !! ) and stored current

1 [ *1,

— %
- 2 * g ¥
dre” fob o *o,




Luminosity

p2-Bunch

10 1 particles

pl-Bunch

10 11 particles

Example: Luminosity run at LHC

B.,=055m f, =11.245kH7

£, =5%107"° rad m n, = 2808 i 77

Oy =17 um L=——r: E
4re” fon, O0,0,

I,=584mA

L=1.0%10% %mzs



Mini—Q Insertions: Betafunctions

A mini-f insertion is always a kind of special symmetric drift space.
>greetings from Liouville

VELP

x r
the smaller the beam size
the larger the bam divergence




Mini-f§ Insertions: some guide lines

* calculate the periodic solution in the arc
* infroduce the drift space needed for the insertion device (detector ...)
* put a quadrupole doublet (triplet ?) as close as possible

*introduce additional quadrupole lenses to match the beam parameters
to the values at the beginning of the arc structure

a,, D., D,
parameters to be optimised & matched to the periodic solution: T o
ayo Py Qx’ Qy
so00. LHC2010 first exerciddAD-X 4.01.00 3_%)/06/;0 11.38.45
4500. - B B |
8 individually 2000. ? : |
powered quad 3500.
magnets are ]
needed to match S000-.
the insertion 2500. -
(... at least) 2000. -
1500. -
1000. -
500. -
0.0 PSS . : . :
12.40 71348 14.02

s (171) [FI1O**( 3)]



The LHC Insertions

Inner

Separation/ Matching
ATLAS Trplet‘ RecomPlnatlon Quaqrupoles
RI1 J | Torti . \
. Ol 02 03 DI e’f lary %DZ 04 05
1P1 i:: . . .44 asn  collimator = ¢sm 1
— 1 a3 F8 s : '— .
) ;U_: e e i | s I =
———= | 1.9k |. warm 83| me <
. ln ln
< <
- 5000 LI;(C fir-ror'A-nal)':sis MADX }.0‘0.03 .(?3/-12/'0;9 1 0.'-35.60
- )
- 4500. B B
£ 4000.{ :
S 3500. -
3000.
2500.
2000.
1500. A
1000. A
500. A
P ECSOEle st = s o
12.850 13.135 13.420 13.705

Momentum offset = 0.00 %
s(m) [*10%%( 3)]

mini § optics




Transverse Beam Dynamics II1

I) Linear Beam Optics

Single Particle Trajectories
Magnets and Focusing Fields
Tune & Orbit

II) The State of the Art in High Energy Machines:
The Beam as Particle Ensemble
Emittance and Beta-Function

Colliding Beams & Luminosity

IIl) Errors in Field and Gradient:
Liouville during Acceleration
The Ap/p #0 problem
Dispersion
Chromaticity



12) ... let’s talk about acceleration




Electrostatic Machines

(Tandem -) van de Graaff Accelerator

Charge
ccllectar lon
) source

[]

Top
* 1erminaql
+ BMY

creating high voltages by mechanical
transport of charges

1 t Evoouated
M acceleration
channel

=

L.l
| -
L

Spraycomb
i o Earth gV

* Terminal Potential: U= 12..28 MV

using high pressure gas to suppress discharge ( SF) ! Collimator

Analysing magnet \g';

T
|

Problems: * Particle energy limited by high voltage discharges
* high voltage can only be applied once per particle ...
... OF twice ?



The ,, Tandem principle: Apply the accelerating voltage twice ...
... by working with negative ions (e.g. H") and
stripping the electrons in the centre of the
Structure

Electro Static Accelerator:12 MV-Tandem van de Graaff
Accelerator at MPI Heidelberg

i
/

v 1
¢

]

f

A
[]l

[




13.) Liouville during Acceleration

£ = y(s) X*(s) + 2a(s)x(s)x'(s) + B(s) X (5) X

Jer .

Beam Emittance corresponds to the area covered in the

X, x " Phase Space Ellipse /
Liouville: Area in phase space is constant. C/

But so sorry ... & # const!

Classical Mechanics:

phase space = diagram of the two canonical variables
position & momentum

X Py

L

= ; L=T-V =kin. Energy— pot. Energy
9,

P



According to Hamiltonian mechanics:
phase space diagram relates the variables q and p

q = position = x _ ' X
p = momentum = ymv = mcyfl, 4 2o b=
e
Liouvilles Theorem: f pdq = const

for convenience (i.e. because we are lazy bones) we use in accelerator theory:

, dx dxdt P,
= = = where f,.=v. ./ c
ds dtds f
fpdq= mcfy/a’xa’x
f pdq=mcyp f x'dx , 1 the beam emittance
—— = &= [xdxx /5—)/ shrinks during

€ acceleration ¢~ 1/y



B (m), B (m)

Nota bene:

1.) A proton machine ... or an electron linac ... needs the highest aperture at injection energy !!!
as soon as we start to accelerate the beam size shrinks as y - in both planes.

O =./¢p

2.) At lowest energy the machine will have the major aperture problems,
2 here we have to minimise f3

5000 LHC Error Analysis ~ MAD-X 3.00.03 03/12/08 10.32.07

) . 4500. B B 1
3.) we n.ee.d different beam. optics adopted to the energy: gl | :
A Mini Beta concept will only be adequate at flat top. . |
3000.
2500. -
2000. -
O, === mrre oo ooy emmeee e cnmme e oo st i oo ]500. 1
sso.{ PB- B> ] _
500. : ; - 1000.
450. A f | ] 500 1
400. 4 ' 1 N f U )
;(5,3 1 | ] 0.0 8.01 16.02 24.03
250- : v Momentum offset = 0.00 %
s0. | s(m) [*10%%( 3)]
200. -
150. LHC mini beta
= optics at 7000 GeV
00 81 162 243 LHC injection

Momentum offset = 0.00 %

sm) [#10%+ 37 optics at 450 GeV



Example: HERA proton ring

injection energy: 40 GeV y=43
flat top energy: 920 GeV =980

emittance ¢ (40GeV) =12 *107
£(920GeV) =5.1 *10"°

Magnet—qr

Anzahl Sigma 7

Magnet—qr

Anzahl Sigma 7

7 o beam envelope at E = 40 GeV

...and at E =920 GeV



The ,, not so ideal world “

14.) The , Ap / p #z 0" Problem

ideal accelerator: all particles will see the same accelerating voltage.
>d4p/p=10

whearly ideal accelerator: Cockroft Walton or van de Graaf

Ap/p=10-

Vivitron, Straffbourg, inner
structure of the acc. section

~ MP-BESCHLEUNIGER

-

MP Tandem van de Graaf Accelerator
\."\?‘ZI at MPI for Nucl. Phys. Heidelberg

~
=

f

AI/‘
!

/

/il

SR



RF Acceleration 1928, Wideroe

Quelle, Drifyl:iihren

4 —_— — + Stril:ﬂ
Energy Gain per ,Gap™: I*}H_L e St 1 ek | —

W =n*qU, sina)RFli

@ HF-Sender

drift tube structure at a proton linac
(GSI Unilac)

n number of gaps between the drift tubes
q charge of the particle

U, Peak voltage of the RF" System
Y synchronous phase of the particle

500 MH cavities in an electron storage ring

* RF Acceleration: multiple application of
the same acceleration voltage.

brillant idea to gain higher energies




RF Acceleration-Problem:

panta rhei
(Heraklit: 540-480 v. Chr.)

Just a stupid (and nearly wrong) example) Bunch length of Electrons = Icm
UO T e,
v =400MHz
> A=T75cm
_ ¢ c=Av
— v
~
A=7T75cm
sin(90°) =1 AU

——=6.0 107

sin(84%) = 0.994

typical momentum spread of an electron bunch:



Electromagnetic Spectrum: The electromagnetic spectrum

-z v A
- | S S R _| 107 m
' 1000 [
1 10t nm
108K |-
‘X rays _| 10° nm
1017 He |—
\ 10! nm
1016 Hz — far
Utraviolet 102 nm

Sun, looking a bit closer ...

visible light:
A=400 nm ... 800 nm
1 Oktave

WM Source: Kotz & Purcell



Dispersive and Chromatic Effects: Ap/p = 0

Are 'here any Problem: 22?2 font colors die to
Sure there are !l pedagogical reasons



15.) Dispersion and Chromaticity:
Magnet Errors for Ap/p # 0

Influence of external fields on the beam: prop. to magn. field & prop. zu 1/p

B dl A
dipole magnet a = L Xp(5) = D(s) 7p

focusing lens k=——

cell length . .
Figure 20: FODO cell : particle having ...

to high energy
to low energy
ideal energy



Dispersion

it for Ap/p > 0

Matrix formalism:

x(s) =x4(5)+ D(S).A_p

p - elle slEl )
X(5) = C(5) 3y + S(5) 3 + D(s)-2 x), e SR« (D,
P




or expressed as 3x3 matrix

X cC § D X
x| ={C" S D || X
A A

/A A /A

Example

xﬁ=1m2mm

HERA P-Ring, Lumi-A-Optik, 7/0.5 m, p/e+ 920 GeV, 1999, qd997z, hts920e+8, A+8 Naomen
T T T T T T

2 1 0 -1 -2
é I
L L 4
¢
1

D(s)=1...2m |  Amplitude of Orbit oscillation

A7z1-10"3
)4 )

contribution due to Dispersion = beam size
- Dispersion must vanish at the collision point ,
o

Calculate D, D’: ... takes a couple of sunny Sunday evenings !

s

s

D(s) = S(s) f%C(§)d§ ~ C(s) f%S(E)cﬁv
s0 s0



Dispersion is visible

| Orbit View Expert

uren Offsets SaveFile SelectFile SetOptics SetBunch Spezil

WL197 MX

~ Darstellung - : HERA-p e
ot [FlorbReEN " Ref Mittelwert RMS-wert || Energie  39.73
[closedomit  ~| [Scratcnt ~] || X/ hor el s ‘ i o
BunchhNr 222
- Zivert.
hpi4n Ep = 39.726 B 0001 0893 ety
\Jan 28 15:30:16 2004 2004-01-28 15:29:12 dplp dpipdus| [ 0110 | [geladen] hpidOn

Closed Orbit -+

FEC Betriebsmode Setzen

+

‘ | Standig lnimhde| IRein | Less | 1mal lesen |Beren:h ‘ Save Orbitl‘

Ablage (mm) | 0.348

Status 0K

B/¢ | 107.7/.00

1~ Orhit-=OpticServer,

Closed Orbit /Inj Trig

dedicated energy change of the stored beam

- closed orbit is moved to a
dispersions trajectory

xD=D(s)*@
p

Attention: at the Interaction Points
we require D=D = ()

%4 Hera P New BPM Display

HERA Standard Orbit

HERA Dispersion Orbit

Printing Optionen Korrekturen Offsets Save File Select File Set Optics Set Bunch Spezial  Orbit View Expert

ST T

u!fn:

gr— = Maschine - HERAp Pr - NR344 MX
« orbit FlomRer | Ref Mittelwert RMS-wert || Energie  39.73 Ablage (mm) [~ 2.46
[closedorit ] [ scratcha | || %/ hor. 203 f 2302 || . o T
i 1
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hpid0n Ep = 39.746
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Z!vert.| ~0008 | 7820 |
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Periodic Dispersion:
wSawtooth Effect” at LEP (CERN)

4

LILELELE B

AX, [mm]

A

Electron course

[N THNN T R DN NN TNNN TN U DN NN UNNN NN AR AN 1 r ¢+ 1l 11

0 100 200 400

In the straight sections they are accelerated by the rf
cavities so much that they ,,overshoot* and
reach nearly the outer side of the vacuum chamber.

In the arc the electron beam loses so much energy in each
octant that the particle are running
more and more on a dispersion trajectory.



16.) Chromaticity:
A Quadrupole Error for Ap/p # 0

Influence of external fields on the beam: prop. to magn. field & prop. zu 1/p

Remember the normalisation
of the external fields: Foo0 D 0 F e tractory

A 4

-

focusing lens D , w NJ

e .
L
pi;: ;:?gpfgpo el particle having ...
to high energy
to low energy
a particle that has a higher momentum feels a weaker quadrupole ideal energy
gradient and has a lower tune.
1 A
AQ = -— Lk B(s)ds
Py

definition of chromaticity:

rQ=0 L
p



. what is wrong about Chromaticity:

Problem: chromaticity is generated by the lattice itself !!
Q' is a number indicating the size of the tune spot in the working diagram,

Q' is always created if the beam is focussed
2 it is determined by the focusing strength k of all quadrupoles

0'- -~ fK()B(s)ds

k = quadrupole strength
p = betafunction indicates the beam size ... and even more the sensitivity of
the beam to external fields

Example: LHC

J

—>Some particles get very close to

f —
0'=250 resonances and are lost

Aplp=+/-02*103 %
40 =0.256 ... 0.36

in other words: the tune is not a point
it is a pancake



Tune signal for a nearly
uncompensated cromaticity

(Q'~20)

Ideal situation: cromaticity well corrected,

(Q'~1)

i YAy

026 027 028 029 03 031 . . . . 28 03 031 032



Tune and Resonances

m*Q +n*0 +H*0 = integer

Tune diagram up to 3rd order

... and up to 7th order

!
J
A
. .
=
oy
e J e
; -
- ) p
by
~ -
¥ -

Homework for the operateurs:
find a nice place for the tune
where against all probability
the beam will survive




Chromaticity Correction:

We need a magnetic field that focuses stronger those individual particles
that have larger momentum and focuses weaker those with lower momentum.

... but that does not exist.

Trick: 1.) sort the particle trajectories according to their energy
2.) introduce magnetic fields that increase stronger than linear with the
distance Ax to the centre
3.) calculate these fields (sextupoles) in a way that the lack of
focusing strength is exactly compensated.

PINK FLOYD

we use the dispersion to do the job

DARK SIDE OF THE MOON




Correction of Q':

Need: additional quadrupole strength for each momentum deviation Ap/p

A
1.) sort the particles acording to their momentum xXp(s) = D(s) L
P

... using the dispersion function

%4 Hero P New BPM Display
Priting _ Optionen Korrelturen  Offsets SaveFlle SelectFle SetOptics SetBunch oecil OrbtView Expert

Tossmmess——
-IIIB“::'.)

Ablage 246
[Scratcra <]/ | Xthor 20538 [ 23572 || Strom 47 Status [wrong
boitn Ep=07i6 | P/ [D [7em G A e [T
Feb 08 23:09:16 2006 2006-02-08 23:07:15 dplp Aus. l 1482 | [geladen] hpldOn Release | [ E

2.) apply a magnetic field that rises quadratically with x (sextupole field)

B =gxz
' 0B, 0B, . linear rising

1 _ = = 8X wgradient®:
B, - (x2 = z%) oz dx &




Correction of Q':

Sextupole Magnets:

z

7z
Eisenjoch Wulen
Eisenjoch i
! - NWs
| AL
3 S ¢ <
Spulen e
nx| \\ :

< ¥
<

corrected chromaticity

considering a single cell:

, 1 . _ 1
chll_x= _E{kqfﬁx qu _kqdﬁx lqd}a E kflsextpfﬁ

F sext

' 1 Q 2 1 F F
chll_y = _E{_kqfﬁquf +kqdﬁqud}ra E k2 lsext Dx

F sext

B

k; normalised quadrupole strength

k, normalised sextupole strength

~

k,(sext) = g_/.z =k,*x

k,(sext) =k, *D*A—p
p

SextupQ}.ﬂﬁprS‘L v—
- ‘ F

1

F D D pD
-— E k'l D

X 1 s 2 “sext xﬁx

|
F o le DD D
X 471: Dgxt 2 “sext 7 x ﬁx



Chromatizitatskorrektur:

i D # 0

Quadrupol

Einstellung am Speicherring:
Sextupolstrome so variieren, dass & = +1...+2



. Aword of caution: keep non-linear terms in your storage ring low.

hn

b1M MQXCD 1nj = 0.0000 b1lU MQECD 1nj
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Clearly there is another problem ...
. if it were easy everybody could do it

Again: the phase space ellipse

for each turn write down - at a given

=

El

+
+

Z

H]

+
g
Fotw + 40

E]

+
+

position ,s" in the ring - the
single partilce amplitude x
and the angle x°... and plot it.

0.04

0.02

-0.04

+++

o+

-0.1 0 0.1
xj'l.l ,x'n,ll ’x'll,3 ’xn,l

A beam of 4 particles
— each having a slightly different emittance:



Installation of a weak ( /Il ) sextupole magnet

The good news: sextupole fields in accelerators
cannot be treated analytically anymore.

= no equatiuons; instead: Computer simulation
. particle tracking "
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Effect of a strong ( /Il ) Sextupole ...
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- Catastrophy !
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