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Luminosity - Emittance

nmn,

Luminosity is dominated
4mo.0, | By the spot-sizes 0, 0,

L=f

n, , 1s the number of particles in bunch 1,2

f 1s the frequency of bunch collisions

[ 1s the "beta function"; determined by the optical elements

o’

p

¢ 1s the "emittance"; and 1s a constant along the beam-line
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Conjugate Variables

View from the top:

A

Instantaneous motion is described

by a point in “phase space™:




Motion on a horizontal plane

4 x,
llllll p A
0/—>,
X
llll H
IIII' I x
X0
X 0 X




Consider a parabolic groove:

X  View from the top:
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Individual particles will travel K/

on elliptical trajectories in phase space




General Solution

x(s)=a, ,Bx(s)cos[ (s )+5}

where

v, (s)= r as with a similar result for y

" B.(s)

a ., ¢, constants to be determined from initial conditions

p.(s) determined by the beam-line



Beam Ellipse

Beam ellipse and its orientation is described by 4 parameters ¢, 5, o,
called Courant - Snyder or Twiss parameters
e=yx* +2axx+ fx"°
the three ellipse orientation parameters £, «,  are connected by the relation
,.-” = 1 o HE A bt ’ E..
p N
therefore only of these parameters are independend — '

Wb mpesangs ) —a‘\]%

L
S
"
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JPe  isthe beam half width (

4,75 is the beam half divergence \_/
o describes how strong x and x' are correlated.

for & > 0 beam s converging, v

for & < 0 beamis diverging.
for a =0bheam size has minimum (waist) or maximum (anti - waist)

H. Braun



Beam Transport

Transport of single particle described with matrix algebra

drift quadrupole drift

Le

o Howi) e Y

; _ 1 L) , _ | cos\WkL l/ﬁsin{ﬁi )
M —[ ‘ M punirpols —[__ 'V"ESiﬂE_ i L; cus( Jk Li*‘

generic names of matrix elements M = [
H. Braun



Transport of Twiss Parameters

drift quadrupole drift
{ﬁz]
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Effect of Acceleration on ¢

X

Normalised emittance:| &y = f,,qé
IS preserved during acceleration

“geometric” emittance
H. Braun



Common Units for ¢

mm-mrad, m-rad, um, m, nm
1 mm-mrad=10-% m-rad=1um=10-* m=103nm

Often a = is added to the unit to indicate that the numerical value describes
a surface in x, x’ space divided by =, i.e. 1 =:-mm-mrad

The units for normalised emittance are the same as for geometric emittance

Due to the various definitions it is recommended to always mention
the emittance definition used when reporting measurement values !
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¢ Measurement - |

Twiss parameter ﬂ, o, yare a priori not known, they have to be
determined together with &,

Method A

\ N L

Reference point where profile monitors
S, «, v will be determined

see Enrico Bravin's lecture

e ) _ . | 1 L
w =¢ fe-2csae+s ye, fordrift R
c s 0 1

= w =Be-2Lac+L ye
H. Braun



Derivation of Twiss params:

w,=8c-2L,acs+L,ye¢
wy=Bec-2L,ac+L;ye

we=0c-2L,as+L.ys

|} can be rewritten in Matrix notation

5 -1 5

wi) (1 =2L, I')\(pe 1 -2r, I wl | (Be
wp |=|1 20, Li||lae| = |1 —2L, L;| -|wi|=|ce
wi | |1 —2L. Lg|\ye 1 -2L. L W Y€

pe o -(e) =s'(p-y-a’)=e' = |po-rp-(@e) —s p-E, a=

H. B;aun



¢ Measurement - |l

Adjustable magnetic lens with settings 4,B,C
(quadrupole magnet, solenoid, system of quadrupole magnets...)

/

\ \

Reference point where profile monitor
S, a, y will be determined

1 LY (my, (I my, (1
wr=c? Be-2esae+s?ye, ¢ 5 _ _ 1 mag) M1 Lpg)
¢ s') (0 1)\my(,,,) my(l,,)

H. Braun




Change quad strength:

2 2
=c,Be—-2c, 5, A E+S, VE

;

W

=

H = l 2 A
Wy =CpBE—2CpSg A E+S55 VE

[ T T = & O T T

2 2
We =ccffe—2C5. A E+Sg V&

|} can be rewritten in Matrix notation
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Need 3 or more measurements:

To determine &, ﬂ_, o at a reference point in a beamline one needs
at least three W measurements with different transfer matrices between the

reference point and the w measurements location.

Different transfer matrices can be achieved with different profile monitor locations,
different focusing magnet settings or combinations of both.

Once ﬂ,  at one reference point is determined the values of ﬁ} & at every point
in the beamline can be calculated.

Three W measurements are in principle enough to determine &, ﬂj 24

In practice better results are obtained with more measurements.
However, with more than three measurements the problem is over-determined.

72 formalism gives the best estimate of &, ﬂ} o

for a set of » measurements w-., 1=1-n with transfer matrix elements C ?—"'I B
. Braun



2 .
X Formalism

fo

easured half beam width w,

but Bz, ee, ye aprionnot known

Findsetof Be, ae, ye values, which minimises
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Emittance measurement with moveable slit f‘;l e

Intensity at 1/, X" in X, X -space is

mapped to position z/1+x L on screen

'y

Iy

Moveable slit

profile monitor

From width and position of slit image mean beam angle and divergence of slice
at position 1/ is readily computed.

By moving slit across the beam complete distribution in x, X " space is reconstructed.

Conditions for good resolution: V >> & H. Braun



Pepperpot




2

Principle and technical set up of the pepper pot emittance
instrument.

Copper

."Scintillator screen

Fast
CCD

[
[
[
[ Camer

Tungsten screerm™*> H- Beamlets

The linear shift mechanism mounted
to the main flange.

" jan | | <
' ==
‘ ' Adjustable camera
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mount. ig /

o

C. Gabor



Longitudinal Emittance

Conjugate variables E (—p), z

21



Measurement in linac

Spectrometer magnet

4 For good accuracy )

Y-plane deflection
32
beam | (ALow,)” >> Pe,
— | E—Fpger:leesz;lr:c?iglnw (Dw,p)* >> e,
—~ ar
required
X-Y image monitor \L —/
M
x’ 4
‘L A
“-‘}r Jr.-‘ = D}_ £
t g P
bunch centered on X N
zero cresting deflection Wap =Wy
P "DI'
) Wy

v =AL sinler)

1
W, = W,

ALw H. Braun




Measuring the Transverse
Beam Profile

Traditional method is to sweep a solid wire
across the beam.

Measure background vs relative position of wire
and beam.

Micron-scale precision required for LC

Solid wires would not stand the intense beams
of the LC

Solid wires could ablate, harming SC surfaces
nearby.

So: replace wire with a laser beam.
Count Comptons downstream.

23



L aserwire

HIGH POWER LASER

EEAM SPLITTER

GAMMA-RAY

compTon DETECTOR

DEFLECTOR  SCATTERED

-

MIRRCR ELECTRON BEAM

TRAJECTORY
EENDING
MAGNET

LASERBEAM

ELECTRON 717
BUNCH
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Skew Correction: x-y coupling

_1| O

¢0ptimal = tan 1 -

N ,u O
y
) ~ 68°—88°at ILC

ILC LW Locations E, = 250 GeV

Gx(Hm) Gy (Hm) q)opt(o) Oy (Mm)

Error on coupling term: 39.9 2.83 86 3.99

17.0 1.66 84 2.34

{ {50 ) (50 ] ( : 170 | 283 | 81 | 3.95
5<xy>=0'x0'y 4 —4 | +| —| +

% O 39.2 1.69 88 2.39

7.90 3.14 68 413

447 2.87 86 4.05

LI




ILC e- BDS (500 GeV cm)
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FIGURE 2.7-2. BDS layout showing functional subsystems, starting from the linac exit; X — horizontal

position of elements, Z — distance measured from the IP.



ILC e- BDS (500 GeV cm)
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nonposltlve matrices ( % )

ra
[=]

Laser wire : Measurement precision
Phys. Rev. ST Accel. Beams 10, 112801 (2007)

/, |. Agapov, G. B., M. Woodley
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The Goal: Beam Matrix Reconstruction
NOTE: Rapid improvement
with better o resolution

-y
=
T

g

10 20 30 40 50
measurement error { % )

(=)

160

ool [BLeTEra7] | | Reconstructec_l emi_ttance
' of one ILC train using 5% error on o,

1201

100+

Assumes a 4d diagnostics section

z 8of With 50% random mismatch of initial

IRt optical functions
. Nwm Hn‘“w\ |

0 mn o n Oh
0.055 0.06 0.065 0.07 0.075 0.08 0.085 28
vertical emittance ( um prad)

The true emittance is 0.079 um prad



H- Neutralisation

The process H™ + ¢ — H° +e”
has threshold energy ~0.75 eV

so it can be driven by a Nd:YAG laser operating at
1060 nm.

A focussed laser beam can thus be used to
« Measure emittance of H- beam

* Enable proton production by laser-induced
stripping.
All the previous technical issues apply...

29



Schematic Operation

N
H-beam, ..
Neutral atoms
produced in the
transport section

-
~ Neutral atoms
produced in the
5 \ transport section
Region of interaction

and separation of the
beams

Laser, . =1060 nm

Magnet pole tips
Front End Test Stand (RAL) — electrons + neutrals
SNS (detect electrons)

30



SNS laser-wire system

Laser  e- detector

] ] [ | i i ] ] ] [
200 400 ©S00 200 4000 1200 1400 4800 1800 2000
E |

[] [ 1 ] 1 1 I []
80 100 120 140 160 480 200
Position (mm]

dipole to extract e- 31



Higher Order Modes

350F
o o
2300}
2 -

2250
= L

8 C
1200
z C

150}
100}

50

L1
30
Delta_y (microns )

0: N B T B B B
-30 -20 -10 0 10 20

Their presence increases the
effective “emittance” of the laser

A , A
0,0, = > M — 2
SV , \ ar M=
pure TM, property of a realistic laser
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Summary

 Emittance is an important parameter for
accelerators

— Determines the final luminosity of a collider

— Determines the quality of a beam in a light
source

— Determines the aperture of a beam at any
location, given a known set of optics.

* Measurement:
— Pepperpot for low energy protons

— Transverse beam profile plus knowledge of
optics: e.g. quad scans

— Laser-wires for electron/positron and H-
— Shintake monitor for 10s nm scale beams

33



Thanks to:

A. Assadi

H. Braun (CAS 2008)
P. Forck

« K. Wittenburg

« C. Gabor

Whose ideas | have used and whose slides | have
borrowed!

Enjoy the problem set !
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