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The importance of low emittance
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Reasons for non-conserved emittances

« Liouville’s theorem: area (— emittance) in phase space stays
constant under conservative forces

e Some effects to decrease emittance

— Synchrotron radiation: charged particle undergoing acceleration will
radiate electromagnetic waves

« Radiation power depends on mass of particle like 1/m#*
« Comparison of p* and e for the same energy

o= (me)t = 8.8 x 1071

My

— Stochastic or e—cooling
« Many effects to increase emittance

— Intra-beam scattering, power supply noise, crossing resonances,
instabilities,...

— Alignment errors, dispersion for e- Linacs

— Mismatch at injection into synchrotrons or linacs



Example: the LHC injector chain

* Proton beams through the LHC injector chain

— Py normalized emittances

21 Jul to 25 Aug (32 LHC fills)
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Defining Emittance

« Defining action-angle variables

Cartesion coordinates (

phase space

Area = 2nJ,

x") (v,y’) (2,0)

Action-angle variables:

2,

= v, 2% + 20,7 + Box

Pu

/2

/
— _Bw% — g

The advantage of action-angle variables:
The action of a particle is constant under

symplectic transport




Preserving phase space

Symplectic operations, i.e. matrices, preserve phase space areas

MT.S.-M=S

(01 0 0 O o\
-1 0 0 0 0 0
g_|0 0 0 1 0 0
0 0 -1 0 0 0
0 0 0 0 0 1
\0 0 0 0 -1 0
p s N2

| B area= A
area = . /7 M [‘
/ . — C




Defining Emittance

J,... amplitude of the motion of a particle

— The Cartesian variables expressed in action-angle variables

x = /285 J, coS Oy

! = — 25‘]; (sin ¢ + g €OS @)

* The emittance is the average action of all particles in the
beam:




Emittance — statistical definition

Emittance = spread of distribution in phase-space

 Defined via 2" order moments

* RMS emittance:

e = /lo| = V{a?){z"?) — (z2)?




Steering (dipole) errors

* Precise delivery of the beam is important.

— To avoid injection oscillations and emittance growth in rings

— For stability on secondary particle production targets

Septum

=

\ Kicker Mis-steered

' I/yinjected beam

— Injection oscillations = if beam is not injected on the closed orbit, beam
oscillates around closed orbit and eventually filaments (if not damped)



Reminder - Normalised phase space

« Transform real transverse coordinatesx, x” by




Reminder - Normalised phase space

Real phase space

Area = 2nJ,

< >

Tmax = 2']:136

2J, =v-x*+2a -2 -2 + Ba'?

Normalised phase space

Q

< >

Tmax = V 2Jac
2J, = T° + T




Steering error — linear machine

What will happen to particle distribution and hence emittance?

0.0015

0.0010 e .................. ............ .~ oe " .....................................
0.0005kF NP W S
0.0000 - R
|E —0.0005F i 8 '\
% —0.0010k __________________ ‘~._' e ]
é & ‘0
—0.0015F - AR o ¢ -
e e injection on CO |
~0.0020(| . _;
-0.0025 }F o o injeCtion error |e @ . _________________________________ ]
—_— <], > :
_0'00—38.003 —-0.002 -0.001 0.000 0.001 0.002

.T/\.W

Turn 1;:

Blue distribution:

1 on axis injection -

no error

Red distribution:

| Injection with

horizontal injection
error: mainly in x'

0.003



Steering error — linear machine

« What will happen to particle distribution and hence emittance?
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 The beam will keep oscillating. The centroid will keep oscillating.



Steering error — linear machine

« What will happen to particle distribution and hence emittance?
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The beam will keep oscillating. The centroid will keep oscillating.



Injection Oscillations

T (MM)

The motion of the centroid of the particle distribution overtime

Measured in a beam position monitor

— Measures mean of particle distribution

— tracklng

IHHHH

o 200

400

turns (\#)

600 7800 1000

Betatron oscillations.
Undamped.

Beam will keep
oscillating.



Steering error — linear machine

Turn-by-turn profile monitor: initial and after 1000 turns

— Measures distribution in e.g. horizontal plane

350

[ initial
[ after 1000 turns | |

300

250 -

The same beam size,
but mean positionis
not constant
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Now what happens with emittance definitionand <J,>?

— Mean amplitude in phase-space



Steering error — linear machine

 How does <J,> behave for steering error in linear machine?

« And what aboutthe rms definition?

14} —_ <, >
’ — rms emittance
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How useful is <J,>?
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Steering error — non-linear machine

« What will happen to particle distribution and hence emittance?
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« The beam is filamenting....



Steering error — non-linear machine

« What will happen to particle distribution and hence emittance?
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« The beam is filamenting....



Steering error — non-linear machine

Phase-space after an even longertime

0.003

e e tracking

0.002 |-

0.001

vV

0.000 -

'/

-0.001}

-0.002 -

_0'093.003 -0.002 -0.001 0.000 0.001 0.002 0.003

T/vm



Steering error — non-linear machine

Generation of non-Gaussian distributions:

— Non-Gaussian tails
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Injection oscillations

« Oscillation of centroid decays in amplitude
 Time constant of exponential decay: filamentationtime t

— tracking

t
Ag-e 7

A(t)

(mm)
o

Lo

0 200 400 600 800 1000
turns (\#)



Injection oscillations

» Oscillation of centroid decays in amplitude

 Time constant of exponential decay: filamentationtime t

T (MMm)

T (MM)

200

— tracking
— decay

"

Tt~ 500 turns

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

turns (\#)



Steering error — non-linear machine

 How does <J,> behave for steering error in non-linear machine?

« And what aboutthe rms emittance

14} - <J,>

- ms emittance
1.2f
10
©
£
£ 0.8}
£
AN
0.6
V
04l After filamentation: RMS
emittance = <J,>
0.2 |
I
00— 500 1000 1500 2000

turn (\#)



Calculate blow-up from steering error

Consider a collection of particles

The beam can be injected with a error in angle and position.

For an injection error Aa (in units of sigma = VB¢) the mis-injected
beam is offsetin normalised phase space by L = Aave

Matched
particles

N

X' 4

Misinjected
beam

/

x|




Blow-up from steering error

The new particle coordinates in normalised phase space are

Trew — Lo + L cost

—/

Ty = Lo+ Lsing

Matched X 4 Misinjected
particles beam
e From before we know... > /
— —/
2J, = T2 + T ~
0 S X
Ex — <J5E > L




Blow-up from steering error

« Soif we plug in the new coordinates....

2Jpew = T2, +T2. = (To+ Lcosh)? + (Ty + Lsinh)?
= T2+ 7TF + 2L(To cos O + T sin §) + L2

2<Jnew>

(T2) + (T2) + (2L (T cos O + T} sin 6)) + L?
2e0 + 2L({Zo cosB) + (z} sin H)) + L?
2e0 + L? 0 0

« Giving for the emittance increase

Enew — <Jnew> = €0 T L2/2
— 80(1 -+ ACLQ/Q)




Blow-up from steering error

2 / 2
£ — 14+ %ACE +(5§:O+QACU)

A numerical example.... Misinjected beam

X

t
Consider an offset Aa of 0.5 sigma for
iInjected beam

Erow = o (1 + Aa? /2) v

-1.125¢,

For nominal LHC beam:
€norm = 3.9 um
allowed growth through LHC cycle ~ 10 %

Matched
Beam




How to correct injection oscillations?

* Injection oscillations:

Beam position measured
at one BPM over many
turns

60
turns (\#)

* Instead of looking at one BPM over many turns, look
at first turn for many BPMs

— |.e. difference of first turn and closed orbit.

— Treat the first turn of circular machine like transfer line for
correction

— Other possibility is measure first and second turn and
minimize the difference between in algorithm



Example: SPS to LHC transfer

CERN's Accelerator Complex

CMS 2 ~3 km long
— - - — transfer lines
between SPS and
LHC NorthﬂArea
LHC

LHCb

LHC injection

SPS .
. energy is 450 GeV
ATLAS AWAKE
HiRadMat
2011 |
ELENA AD
PP 2066 )
,.E.a.S_F_A.fﬁ&!_
,,,,,, |
J”rT’QL L s
— , LINAC 2 f | p CTF3
neutrons LEIR \\7“:) e-
s TR

) ion ) neutrons ) p (@ntiproton) ) electron - +)- /antiproton conversion



Example: LHC injection of beam 1

* Injection oscillationdisplay from the LHC control room.
« The first 3 km of the LHC treated like extension of transfer line

* Only correctors in transfer line are used for correction

P 450.73;0 GeY/c - SC #1727 LHC1_TI2 - SPS.USEﬁ.LHCl - CAPTURE - 25/09/11 18—05‘.-29 55 65
Ns - :
4 Mean = -0.137 / RMS = 1.019 / RMS-dp = 1.006 / Dp = 0.0652 :
- : 1 -
e - i closed orbit subtracted
= i ' .
§:3 od# IF{.H iia Li.l.l !l&i!lh-,lu !ii{.lh i;,,ii !!!!”* - I".I.-Illll _lll {"I'lll' I.._III.I._-II I II-_.I lll“-.II
—
1
& 2 mm |njec ion oscillation amplitude
4_ . .
TT60 TED Ti2- TED :
-6 T T 1 T T T
v 0 20 40 160 80 100 120
: Monitor H
P 450.730 GeV/c - SC # 1727 LHC1_TI2 - SPS.USER.LHC1 - CAPTURE - 25/09/11 18- l]El 29 &5 Gi'.
6
4 Mean = -0.095 / RMS = 0.483 / Dp = (.0652 :
7 [}
—_ 1
£ 2 ' 1
£ : 1
E 0 !!‘I'*,’,'x’*T’*f!f‘i‘f!‘i’,’?ff’,!‘ !5{.-}!;{.!;—*.}.,,.} *ﬁi‘ii,,,!r-l.I--__-.___I-l_.-._.-I_.-._I-l_.-._Il._--l --.-__.__ll-_-l-__.-_-.l..
o H
> -27 Il '
~ 1
.7 Transferline T12 ~3 k o LHC arc 23 ~3
6 TT60 TED TI2-TED|
! T T T T T T
0 20 40 :60 80 100 120
' Monitor vV
[}

Injection point in LHC IR2



How to correct injection oscillations?

What if there are shot-by-shot changes or bunch-by-bunch changes of the
injection steering errors?

Previous method: remove only static errors

What if there are bunch-by-bunch differences in injected train of
injection oscillations?
Example from LHC: beam2 H

1.1 T Legend —
m— A

- RIS
11 — Refe [=1=1 ¥
— Reference R

0.5

Injection osc.
[mm]

0 T T T T
150 200 e o 350 400

bunch number

— transverse feedback (damper)
— Sufficient bandwidth to deal with bunch-by-bunch differences

Damping time has to be faster than filamentation time



Transverse feedback system

LHC injection
oscillation damping

Signal Power :
processing Ampllﬁer beam 1 horizontal fill 1268 .
. inj. error (mean@p=100 m) = 0.587 mm
and Kicker inj. error (rms scatter)  +- 0.079 mm |
Correction " damping time (mean) = 4464 turns |
calculation damping time {rms scatter) +- 0.95 turns

1

BPM | Beam position monitor
== |deal equilibrium orbit
= = = Beam trajectory

1

pick-up signals, normalized

0 50 100 150
turns after beam-in signal

T

signal = Tbeam



Steering error - damper

« Damper in simulation: injection oscillations damped faster than
through filamentation

Same injection error

_ Without damper With damper

— tracking

| — trackingl|

T (Mm)
o

0 200 400 600 800 1000 3 ! ! ! ! !
turns (\#) 0 200 400 600 800 1000
turns (\#)




Steering error - damper

« And what about the emittance?

14} —_— <, >

— ms emittance |.

12}
Damper has limited gain

Emittance growth is function of ratio of
filamentation time to damping time.

<J, > (mm.mrad)

00y ———""""s00 100 1500 2000

turn (\#)



Steering error -damper

« Emittance growth with damper for damping time T

Damper has limited gain

Emittance growth is function of ratio of fillamentation time to
damping time.

£ 1 4 lA$2+(5ALB,—|—QA$)2( 1 )2
o 2 Beo 1+7pc /T4



Blow-up from betatron mismatch

Optical errors occur in transfer line and ring, such that the beam can
be injected with a mismatch.

The shape of the injected beam
corresponds to different o, p than the X, 0, B
closed solution of the ring. [ ]

At the moment of the injection the
area in phase space might be the
Same oy, By

real phase-space
Filamentation will produce an emittance increase.



Blow-up from betatron mismatch

The coordinates of the ellipse: betatron oscilation

To = /209, cos¢p b= —\/25‘]2 (sin ¢ + ap cos @)

applying the normalising transformation to the matched space
Xa]_[1 [1 0] [x
[2'2] b | ﬁl] [x'zl

an ellipse is obtained in normalised phase space

27, =T[5 + B (an — a2 50)%] + 77, 3 — 2857 [ 3 (a1 — a2 30))

characterised by ¥,ous Prew @nd o,e,, Where

@ =_/32( 1~ & /jl] /J)new=&! Y —ﬁ+&( 1—0‘2ﬁ]

B Ip B T B By



Blow-up from betatron mismatch

The coordinates of the ellipse: betatron oscilation

2J2 (o
To = \/202J,cosp ah=— = (sin ¢ + g cos @)
applying the normalising transformation to the matched space
X, L [1 07[x Remember:
[2'2]= B | ﬁll'[xvzl 2J, = v 2%+ 20 -z -7’ + Ba'?

an ellipse is obtained in normalised phase space

_ —2 —
2Jy = Qfg[% + %(041 - 042%)2] + 33/2% — szxé[%(oq — 042%)]

characterised by ¥,ous Prew @nd o,e,, Where

o =_/32(0’1—052ﬁ} /J)new=&! Y =ﬁ+&(a1—azﬁ]

2

B Ip B T B B b



Blow-up from betatron mismatch

From the general ellipse properties, see [4]

A A
a=ﬁ(\/H+1+\/H—1) b=ﬁ(x/H+l—x/H—1)
A=+v2J

where

H= (et o)

1B /»’2( a/aﬁ)Zﬁ
218 B B B

giving
| 11
/‘t=ﬁ(x/H+1+\/H—1) " T(\/H+1 JH-)

Trew = A Asin(gb—l— 1)
f;zew — % | ACOS(gb_l_ 1)

Xl

1

/A

b

Mismatched
beam

A

generally

a=A/A
b=A-A

%

Matched
Beam

X|




Blow-up from betatron mismatch

We can evaluate the square of the distance of a particle from the origin as
2 pew = T2, + T2 = A2 2], SinQ(qb + ¢1) + %2(]0 cos? (¢ + ¢1)
The new emittance is the average over all phases

Enew = <Jne’w> — %(A2<2J0 Sin2(¢ + ¢1)> - %<2J0 COS2(¢ -+ ¢1)>)
(Jo) (AN (sinf¢+ ¢1)) + 3z (cos”(9 + ¢1)))

— %60()\2_‘_%) 0.5 0.5

If we’ re feeling diligent, we can substitute back for A to give

£ =180(/12+i2)=1‘]80=180 ﬁ+& 0{1—052ﬁ +&
2 A 2 6 b b 2

where subscript 1 refers to matched ellipse, 2 to mismatched ellipse.



How to measure oscillating width of distribution?

MATCHING SCREEN « 1 OTR screenor SEM grid in

the circular machine

« Measure turn-by-turn profile
after injection

T
i

Profiles at matching monitor
after injection with steering

error.

Requires radiation hard fast
cameras

Another limitation: only low
intensity



Example of betatron mismatch measurement

* Measurement at injection into the SPS with matching monitor

i
A AN
IYAVAATAN AN

\W b v

(3]

(=

[=]

o
v -

horizontal Sigma [um]
B~
o
[=]
o

w
(=]
(=]
o

3 1 19 27 3¢
SPS Turns

Uncorrected measured horizontal beam size versus number of
turns in the SPS. The oscillation indicates mismatch, the positive
slope blow-up is due to the foil

G. Arduini et al., Mismatch Measurement and Correction Tools for the PS-SPS
Transfer of the 26 GeV/c LHC Beam, 1999



Blow-up from thin scatterer

« Scattering elements are sometimes required in the beam
— Thin beam screens (Al,O,,Ti) used to generate profiles.

— Metal windows also used to separate vacuum of transfer lines from
vacuumin circular machines.

— Folils are used to strip electrons to change charge state

« The emittance of the beam increases when it passes through, due
to multiple Coulomb scattering.

)

14.1 L L
rms angle increase: <HS2>[mmd]= Z, (1"'0-11’10&0)

B.piMeV/cl "\L L

rad rad

Bc = Vv/c, p = momentum, Z,,. = particle charge /e, L = target length, L,.,, = radiation length



Blow-up from thin scatterer

Each particles gets a random angle change

0 but there is no effect on the positions at X sEcl;"apti:riiger
the scatterer y,

Tpew = L0
ff/new — fO + \/B@S

v

After filamentation the particles have
different amplitudes and the beam has
a larger emittance

Matched
E = <Jn€w > ellipse

X




Blow-up from thin scatterer

2Jnew

2<Jnew>

2 —/2
Lnew + Lpew

fg+(x0+f@)

uncorrelated

o
(T2) + (T2) + 2/B(TH0,) + 5(02)
2¢0 + 2v/B(T3(0;) + 5(02)
2e0 + B3(©2) ©

new

=g, +§<6’Sz>

Xl

Ellipse after
filamentation

/

Matched
ellipse

X]

Need to keep 3 small to minimise blow-up (small § means large spread in

anglesin beam distribution, so additionalangle has small effect on distn.)




Blow-up from charge stripping foll

Beta [m]

120

100

80

60

40

20

For LHC heavy ions, Pb%%* is stripped to Pb82* at 4.25GeV/u using a
0.8mm thick Al foil, in the PS to SPS line

Ag is minimised with low-f3 insertion (,, ~5 m) in the transfer line

Emittance increase expected is about 8%

TT10 optics

Stripping foil

[

[

beta X

beta Y

[

pii sty

150 200 250
S [m]

300



Summary of different effects

« Steering error

. 1 Aa:Z—I—(BAa:'—I—OzAx)2 . 1 2
%—1|§ Beo —1—|—§Aa

« Steering error + damper

£ =1+ 2Ad*(—7)?

€0 1‘|—TDC/Td

« Betatron mismatch

= = (8172 + Boy1 — 201 02)

« Blow-up from thin scatter with scattering angle O,

5 =1+52(60)

€0



Summary of different effects

Dispersion mismatch

B 1 AD?4+(BAD +aAD)? ; Apr\9
£ =1+1 (66004 )(pp)

€0

Energy error

Geometrical mismatch: tilt angle ® between beam reference
systems at injection point: e.g. horizontal plane

—= =1+ %(ﬁzﬂy + ByYe — 200 — 2) sin” ©

€x0
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