Excellence in Detectors and Instrumentation Technologies

INFN - Laboratori Nazionali di Frascati, Italy ED lT 2015

October 20-29, 2015
INTERNATIONAL SCHOOL

FRASCATI - 0CT.20-29

Accelerator Laboratory:
Introduction to Beam Diagnostics and
Instrumentation

Gero Kube, Kay Wittenburg
DESY / MDI

= Tntroduction

= Beam Position Monitor

» Transverse Emittance / Beam Profile
é




Diagnostics and Instrumentation :

HELMHOLTZ
| GEMEINSCHAFT

@ instrumentation
» catchword for all technologies needed to produce primary measurements of

beam parameters

@ diagnostics
» making use of these instruments in order to

- operate the accelerators
— orbit control

- improve the accelerator performance
— feedback, emittance preservation

- deduce additional beam parameters or performance indicators of the machine by further data
processing

— chromaticity measurements, betatron matching, ... (examples for circular accelerator)

- detect equipment faults
H. Schmickler, Introduction to Beam Diagnostics, CAS 2005

@ outline

B emphasis on beam instrumentation
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Beam Instrumentation for.. p

HELMHOLTZ =

@ beam position —————-
» orbit, lattice parameters, tune, chromaticity, feedback,... iwﬁu_";,,www"
@ beam intensity _ n
» dc & bunch current, coasting beam, lifetime, efficiencies,... =
@ beam profile
> longitudinal and transverse distributions, emittances,...
@ beam loss
»1dentify position of losses, prevent damage of components,...
@ beam energy
> mainly required by users,... —
@ |uminosity (collider) == T}
» key parameter, collision optimization... /%ﬂ%’""ﬁ
and even more: charge states, mass humbers, timing... N - R,

| GEMEINSCHAFT
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Beam Monitors: Physical Processes ﬁ
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@ influence of particle electromagnetic field

7 non-propagating fields, i.e. electro-magnetic influence of

moving charge on environment
— beam transformers, pick-ups, ...

» propagating fields, i.e. emission of photons

— synchrotron radiation monitors, (OTR), ...

particle electromagnetic field

1/ relativistic contracion characterized by Lorentz factor
S y
_ 2 E : totalenergy
electric field lines [7/ =E / mOC ] m.c2 - restmassener
in LAB frame 0= - gy

proton: mpc2 = 938.272 MeV
electron: m.c®= 0511 MeV
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Beam Monitors: Physical Processes ﬁ
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>~ non-propagating field transverse electrical field components
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Beam Monitors: Physical Processes

ﬁHELMHOLTZ =
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@ Coulomb interaction of charged particle penetrating matter

— viewing screens, residual gas monitors, ...

10

—dE /dx (MeV g lem?)
o
|

dE

o 2meC27/2,82

zZ. Z2
= 47N ,r2m,c? A: pﬁZ [l : L]

Particle Data Group

Bethe Bloch Equation (,,Jow-energy approximation®)

constants:
N,: Avogadro number
m,, .. electron rest mass, classical electron radius
c: speed of light
target material properties:
p: material density
A, Z;: atomic mass, nuclear charge
| : mean excitation energy

1 1 1 ||III|| 1 1 |I|III| 1 1 ||II|I| 1 1 I|I||I| 1 11 111l
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. . 1
200 A B: velocity, with y?= >
Copper 1_ﬂ
X)=12.86 gcm™2
100 E.=1963MeV -
Z 0b = . Bremsstrahlung,
: . E > Electrons : Bremsstrahlung hv ¥
ifo 28 E Ion]izarion per Xy E
- [ = electron energy -
G F 7 /8 .
g $/8 ] Incoming
20[ A electron, E ®
I /// Brems = ionization ]
I NN A C ] ] -
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Electron energy (MeV)
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Beam Monitors: Physical Processes ﬁ
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@ nuclear or elementary particle physics interactions

— beam loss monitors, luminosity monitors...

electrons hadrons
> simple (point) objects » constituent nature (collection of quarks and gluons)
> Interaction cross sections into final > interaction cross sections not precisely calculable

states can be calculated precisely

@ interaction of particles with photon beams

— laser wire scanners, Compton polarimeters, ...

electrons: Compton scattering hadrons: laser photo neutralization (H- beam)

Compton scattering
Target ,9/
glectron  _-" Recoil
at rest ,-"'¢. alectron WW\/\/\/M—» H' ‘ HO + e
i
hv

Incident
photon

Scattered

2
do ( 62 ]
il I
photon A aQ MoC applied for high power H- beam profile diagnostics
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Beam Position Monitors

ﬁHELMHOLTZ =

| GEMEINSCHAFT

@ short version of E-XFEL BPM specification

specified charge range: 0.1 — 1nC

)
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Resolution (RMS)
Resolution Range
Bunch to Bunch
Trans. Alignment
Tolerance (RMS)

Crosstalk

e
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c
>

m

@
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Train Averaged
Resolution
xly Crosstalk

Beam Pipe
Length
Optimum

Standard BPM 219 |40.5 200/ |Button 50 10 +3.0 + 10 1 10 200
100
Cold BPM 102 |78 170 Button/ 50 10 +3.0 + 10 1 10 300
Re-
entrant
Cavity BPM Beam |12 40.5 255 Cavity 10 1 +1.0 +2 1 1 200

Transfer Line

Cavity BPM 117 |10 100 | Cavity 1 0.1 +0.5 +2 1 0.1 |50

Undulator \
IBFB 4 40.5 255 Cavity 1 0.1 +1.0 +2 1 0.1 |200

# different BPM types to meet different requirements

courtesy: D.Nolle (DESY)
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Comparison of BPM Types ﬁ
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BPM Type Application Advantage Disadvantage

SIalecH =)@ p-synchrotrons long bunches very linear complex mechanics
heavy-ion accelerators  fz-< 10 MHz no x-y coupling capacitive coupling between plates
sensitive
Button p-linacs fre> 10 MHz simple mechanics  non-linear
all e-accelerators x-y coupling
possible signal deformation
Stripline  EESUEES best for B = 1 directivity complex 50 Q matching
p-linacs short bunches large signal complex mechanics
all e-accelerators
e-linacs (e.g. FELS) short bunches, very sensitive very complex
special applic. high frequency

P. Forck, “Lecture Notes on Beam Instrumentation and Diagnostics”, JUAS 2011

R P
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Beam Position Monitor %

ﬁ HELMHOLTZ
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@ most common: capacitive pickups
»signal generation via beam electric field

» popular design: button-type pickup LHC button pickup
— simple, cheap, courtesy: R.Jones (CERN)
— moderate resolution

@ operation principle

» electric field induces image charge on pick-up
— pick-up mounted isolated inside vacuum chamber
— amount of induced charge depends on distance between beam and pick-up

@ button pickup: high pass characteristics 2100 [
s 20 I
amp Z ioa RN B
L (1 , % R B *
im ' equivalent circuit = 10 ¢ 3
R Uim(t) o = 0 £ ]
) | = = — 10 = E
beam pipe I I ground [ : 1 1 E ]
- — Lo 1L 1 c R | & 10°
pick up_ _ C im [ 1| Uin® g E
L —f_\ L () @ | — H 510 70
z Z = beant 1 1 % - - - high impedance 1 Mn
+ + + 1 1 503 .
} 1 1l £ 10 low impedance 50 0
b E X A ye— L7 -
________ Y - — 0 e =
Z, = ground 10°10° 10" 10° 100 10° 10° 10°
I I frequency f [MHz]|
| ] A: area of plate
DA »not well suited for long bunches
b. Forck, "Lecture Notes on Beam — especially: l.ow energy hac_iron beams, i.e. heavy ion beams
Instrumentation and Diagnostics”, JUAS — small coupling between pickup and bunch

2011
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BPM Signal Calculation

@ Beam Instrumentation System Simulator (B.I.S.S.)

ﬁHELMHOLTZ =

| GEMEINSCHAFT

»calculation from BPM signals in time- and frequency domain
»study influence of various parameters
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BPM Signals p
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@ observation (1): singnals are short with small modulation

»single bunch response — nsec or sub-nsec pulse signals
> beam position information — amplitude modulated on large (common mode) beam intensity signal!

AV,
A /\ m courtesy: M. Gasior (CERN)
H 0 \ H
n+1 n+3 U

0
T (T,
@ BPM bunldlng blocks feedback bus control
(if applicable) position system
BPM Pickup A data (LAN)
> RF device, EM field »| C ) A Digital
detection, center of ° >l A Analog Signal D Signal Data
g Conditioning ) Acquisition
charge S c Processing
> symmetrically A A A
arranged electrodes Vv
or resonant structure
Power Trigger &
Read-out Electronics Supply & Timing
) . Misc. Control
»analog signal conditioning »trigger, CLK & timing signals
»signal sampling (ADC) » provides calibration signals or $
»digital signal processing other drift compensation methods
» data acquisition and control system interface timing, trigger signals

courtesy: M. Wendt (CERN)
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BPM Signals 0%

HELMHOLTZ =
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@ observation (2): nonlinearities m) especially BPMs for circular e-accelerators

»  synchrotron radiation emission
— pickups mounted out of orbit plane courtesy: A.Delfs (DESY)
»vacuum chamber not rotational symmetric
— &or > & (SR emission in hor. plane)
— injection oscillations due to off-axis injection
(allows intensity accumulation)

Position Map
10 T T T T T T T T T
t+ 4 = = + t+
8 +Q@ 0T0+0 0 0.0,0 0 0,0 O Q. o+OtQ Q@ + A
fo;gfé? & @roioio § oj:o;b o o égrg% , b':'ltton

6 @ 0 070F0+040 0 @ 0L 040010 00 @ - ‘ pickup (cut)
= OJF% ototo+o © © @ ¢- o otototo ggiﬁo
£ 4~ © 5bboeeeaaadddSo
= ottt v o660 @aaascdbdDd o
c 2L oototad e & 6 © @& ¢ & & & © otch o i PETRA-I11 BPM close to ID
2 O btotck @ @ @ & @ & & © b Piora O
@ 0 0BT T O & O © O © O O PIOra O -
a O PO+ @ @ @ & @ & @ © © ©0+Q O
T 2F 00/0.0© @ 6 & & & & @@ L0.0 0 -
% 0,032 €6 6 & & & & aq oo

4~ 00 0P P 6 & a e aa. oo A ; _li Tt
g ofgé% foomooa o%oiuoﬁg%fg RS m) correction of strong non-linearities

6~ O B o oLototo © T o 0t0+0 0 O o] . i iti i

BRSO % e in beam position required
8+ +®6%Ofobo*o+o oo o @%O+$@+ .
T Ty
_10 r r r r r r r r r
-0 -8 -6 -4 -2 0 2 4 6 8 10

Horizontal Position [mm]
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Position Reconstruction ﬁ

HELMHOLTZ =
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@ fwo common monitor geometries

» difference in position reconstruction

linac-type storage ring-type

AY

ek PutP) - (PP

P,
_w P
x=K X" P +P 4D +P,

X P1+

J= Kk Po=Pa (P#P,) - (°+P))

y P,+P,

y=K

Y P+P,+P.+P,

= difference-over-sum or

@ position information

»requires knowledge of monitor constant K, K,

— rule of thumb (circular duct)

R
Kyy :—_L linac-type
7 2 sina
R
K @ storage ring-type

X’y:ﬁ sina
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OLYMPUS @ DORIS (DESY)

ot

ﬁHELMHOLTZ =

@ two-photon exchange in lepton scattering

» compare e*p and ep elastic scattering

R. Milner et al., ,The OLYMPUS experiment®, Nucl. Instrum. Methods A741 (2014) 1

e'/e drift chambers

Qt"‘

target

Moller/Bhabha

time-of-flight 12deg l\'.ln rr;inni:)::;y
scintillators magnet s
coils telescopes

OLYMPUS Ta

| GEMEINSCHAFT

/\
OLMPUS ‘

ATEEE

rget Chamber [

i Y_Y‘.r_l‘-
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Monitor Constant Measurement

ot

ﬁHELMHOLTZ =
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@ BPM test stand U. Schneekloth et al., Proc. IBIC 2014, Monterey (Ca), USA, (2014) 324

RF generator
499.66 MHz

Power Amp .

-

-

==

|ca. 26 dBm

» test stand
— vertical scanning device

» electrical input signal

(standing wave)

»signal readout

2 x Adhesive Film

— 2 precision movers (micro screws) on top
— wire antenna (@ 0.2mm) centered in BPMs,
stretched by weight, damped movement

— 500 MHz cw signal induced on wire
— electrical wire length: 3% A of 500 MHz

— essential: solid ground connections

ca. 34l

- Wire Antenna
200 pm e Cu

~Solder Tag

350pm§

Weight

oil
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Tasks: BPMs :

HELMHOLTZ =
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@ calculate BPM signals using B.I.S.S

» get a first impression about BPM signal forms
—  chamber geometry influence
— non-linearities
— output impedance
@ calculate monitor constants for OLYMPUS BPMs
» use rule-of-thumb formulae for both geometries

—  compare with simulation results

@ measure OLYMPUS BPM monitor constants (both geometries)

» define electrical center of both BPM bodies (origin)

» perform 1-dim. scan along one axis — max. wire position: * 15 mm (!!!)
— measure signal amplitudes from each button
—  calculate A/X from measured signals

—  plot A/Z versus wire position and compare with simulation results

» determine monitor constant from slope at origin

@ (measure 2-dim. position map)
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Transverse Phase Space:
Beam Size and Emittance




Accelerator Key Parameters ﬁ

HELMHOLTZ =
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@ light source: spectral brilliance @ collider: luminosity

> measure for phase space density of photon flux » measure for the collider performance

5 - Number of photons [ N = L-o-]

B 2 2 :
[sec][mm~][mrad~][0.1% bandwidth] relativistic invariant proportionality factor between
cross section o (property of interaction) and number of

> user requirement: high brightness Interactions per second

— lot of monochromatic photons on sample > user requirement: high luminosity

— lot of interactions in reaction channel

» connection to machine parameters _ _
» connection to machine parameters

B o N7 oC | I -]
OyOx 0707 &Ex&y | oc L 2
g
Qo r'equir'emen’rs for two identical beams with emittances ¢, = ¢, = ¢
bunch of particles
» design of small emittance machine 5

. ] Di low emittance beam high emittance beam
— proper choice of magnet lattice [ x . é
> preserve small emittance PUTIS —r

— question of stability
— require active feedback systems / careful design considerations > measure small emittance
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Transverse Emittance

ﬁHELMHOLTZ =
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@ projection of phase space volume , ]
: : - X X

» separate horizontal, vertical and longitudinal plane 4 4
@ accelerator key parameter

»defines luminosity / brilliance

X

@ linear forces

» any particle moves on an ellipse in phase

space (x,X")

. . _ =y X +2a XX'+ B X'
» ellipse rotates in magnets and shears along drifts

) ) (a, B, v, & Courant-Snyder or Twiss parameters )
— but area is preserved: emittance

@ transformation along accelerator

»knowledge of the magnet structure (beam optics) —  transformation from initial (i) to final (f) location

—  single particle transformation —  transformation of optical functions
X Rll R12 X ﬂ R112 ) Rll R12 R122 ﬂ

X' f_ R,, R, |y | al = —RMI;QZl 1+R,R,, _Rlzzqzz la
%FQ_J f Ry -2R,R,, R,, 7).
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Transverse Emittance Ellipse p
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@ propagation along accelerator sy — B
»change of ellipse shape and orientation — area is preserved 14 a22 (s)
TSN

£ = y(8) X(8)" +2a(s) X(s) X'(8) + B(s) X' (s)”

x(s) =/g8(s) -cosp(s) + D _
beam envelope: +/8(s)

\l
7

beam waist:
— minimum in envelope — minimuminp — p'=0 —a=0

von

X' X'

Gero Kube & Kay Wittenburg, DESY / MDI EDIT 2015, Frascati (Italy), 23./27.0ctober 2015



Emittance and Beam Matrix ﬁ

HELMHOLTZ

@ beam matrix

2:(2“ lej_ (x*) (xx

Z21 222

[e:,/detz =2, -5, -5, ]

» transformation of beam matrix

Rll

> =RXR’ R:[R

X

| GEMEINSCHAFT

@ via Twiss parameters

[gzyxz +2axx'+,8x'2]

@ statistical definition

P.M. Lapostolle, IEEE Trans. Nucl. Sci. NS-18, No.3 (1971) 1101

[ =) (%) = 00|
:fwdx x2 . p(x)

[7 dxp(x)

2nd moment of beam <X2>
distribution p(x)

> &ms IS Measure of spread in phase space
» root-mean-square (rms) of distribution
1/2
> gms Useful definition for non-linear beams
— usually restriction to certain range

(c.f. 90% of particles instead of [-oo0,+00])

Gero Kube & Kay Wittenburg, DESY / MDI
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Emittance Measurement: Principle ﬁ
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@ emittance: projected area of transverse phase space volume

@ not directly accessible for beam diagnostics

@ measured quantity

» beam size @zmzm
» beam divergence VEp = {x?) = Jey

» divergence measurements seldom in use

‘ — | restriction to profile measurements

@ measurement schemes

» beam matrix based measurements
— determination of beam matrix elements: e=,/detX =\/211-222 -3

> mapping

S x‘ in position

— restrict to (i ment in space coordin

Gero Kube & Kay Wittenburg, DESY / MDI EDIT 2015, Frascati (Italy), 23./27.0ctober 2015



Circular Accelerators ﬁ
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@ emittance diagnostics in circular accelerators _ by =
beam divergence ““\/;

VEY -

» circular accelerator:  periodic with circumference L
— one-turn transport matrix: R(s+L) = R(s)

— Twiss parameters a(s), B(s), y(s) uniquely defined at

each location in ring

distribution

> measurement at one location in ring sufficient to determine ¢ P beam size
— measured quantity:  beam profile / angular distribution
@ classification ] t spatial resolving
eam Spo detector (CCD)
» imaging gg, =S
— beam size T e Ty image size
» interference oy % i
- gg{ﬁ'z:_::::j-j{__,__c,_h_‘;_:\_u_ __—-)ﬂg: interference
— beam size D) %/ pattern
» projecton
— beam divergence Eg “ angular
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Beam Matrix based Measurements

ﬁHELMHOLTZ =
) ’ | GEMEINSCHAFT
@ starting point: beam matrix z:(zn ZuJ: <X > (%) _ (13 _“j

Su Zp) () <x'2>

@ emittance determination

> measurement of 3 matrix elements X,;, X.,, X, 5
. . £=,/detx z\/zll'zzz_zlz
> remember: beam matrix X depends on location, i.e. Z(S)

— determination of matrix elements at same location required

@ access to matrix elements

»profile monitor determines only 0 = 4/Zy;

»other matrix elements can be inferred from beam profiles taken under various transport conditions

— knowledge of transport matrix R required yP_R.y2.RT R = (Rn RlZJ
R21 RZZ
@ measurement of at least 3 profiles for 3 matrix elements
2?1 . ab,c a,b,c
] ) , » measurement : profiles o =2
a a a
2 =Ry 25 +2R R, -2, R - 2y

» known: transport optics R,R

—2 — — —2 .
Zfl =Ry - 2;‘1 +2R11R1» .Zj‘z +Rp .222 » deduced: matrix elements 2:‘1, 2;‘2,2;‘2

— more than 3 profile measurements favourable, data subjected to least-square analysis

Gero Kube & Kay Wittenburg, DESY / MDI EDIT 2015, Frascati (Italy), 23./27.0ctober 2015



Beam Matrix based Measurements ﬁ
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@ ,quadrupole scan" method

»use of variable quadrupole strengths

— change quadrupole settings and measure beam size in profile monitor located downstream

- 0

» X%,, depends quadratically on

quadrupole field strength

Lens of Variable Profile Monitoring

Strength, k Screen ] I
Q (f=1/K) S (drift space) L

_ © Vertical Plane : : :

02p i =112 15 [umrad] ot
guadrupole transfer matrix p=15.9£0.1m]

— 015_,,u=299i04 ) ,1 ...... —

1 0 | ysse1£08mT] o 0 f

Q= £ N Y &
t1/f 1 W™ g N A

— R=SQ

drift space transfer matrix
1 1
S=
0 1

Gero Kube & Kay Wittenburg, DESY / MDI EDIT 2015, Frascati (Italy), 23./27.0ctober 2015

005+ i et Nyt

1.25 1.3 1.35 14 145 1.5 1.55 1.6 1.65
kL Im™1

=

G. Penco et al., Proc. EPAC’08, Genoa (Italy), p.1236



Beam Matrix based Measurements ﬁ
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@ ,multi profile monitor" method

» fixed particle beam optics

— measure beam sizes using multiple profile monitors at different locations

» example:
emittance measurement

setup at FLASH injector (DESY)

courtesy: K. Honkavaara (DESY)

.

4 monitor stations in a

FODO lattice
@ task

» beam profile measurement

Gero Kube & Kay Wittenburg, DESY / MDI EDIT 2015, Frascati (Italy), 23./27.October 2015



Storage Ring: Profile Measurement

ﬁHELMHOLTZ =

@ circular accelerator

»only non- or minimum-invasive diagnostics
@ e/e* ring

»working horse: synchrotron radiation

—  problem: heat load @ extraction mirror

@ hadron ring

» Wire scanners:

»detect beam-wire interaction as function of wire position

—

scan of thin wire across the beam

| GEMEINSCHAFT

otherwise beam loss after few turns

HERA e SyLi monitor

extraction
mitror

HERA
E=276GeV __.--

Tax = 1200°C

max

interference filter

v
A=450nm
achromat
Ay

polarization
\iher
=1000mm \ \
alignmcnr%r{__HIH___H - __{

CCD camera

mirror
_ neutral

C density filters

lens
f=25mm

» residual gas monitor:

»residual gas ionization / luminescence

| DAQ

T. Giacomini et al., Proc. BIW 2004, p.286
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Linac or Transport Line: Profiles

ﬁHELMHOLTZ =

@ linear machine

» single pass diagnostics

—

@ hadron accelerators

» working horse: screen monitors

—

> wire harp

—

scintillating light spot intensity corresponds to beam profile

extension of wire scanner

courtesy: U. Raich (CERN)

NO O gagel ine

BIH.KSEOL

spline fit
3. 841 um
[, 85 mm

@ electron accelerators

» screen monitors

—

»working horse: OTR monitors

—

lower resolution (?)

even potential for sub-micron beams

intensity / a.u.

interaction with matter

N

N

GINATHE

(care has to be taken)

| GEMEINSCHAFT

Optical = | ] Target
System -+ — Mover
e
Beam 5

~ Screen

E |

B. Walasek-Hohne et al., IEEE
Trans. Nucl. Sci. 59 (2012) 2307

0.6

6 =1.44 um

G. Kube et al., Proc. IBIC 2015,
Melbourne (Australia), TUPB012

-40

-30

20 10 0 10 20 30 40
y/um
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Screen Monitors p

HELMHOLTZ =
| GEMEINSCHAFT

@ principle

» radiator .
— scintillator / OTR screen _
— generation of light spot: intensity distribution reflects gﬁ;:g,?: :Aa(;?lgi

particle beam density (i.e. linear light generation mechanism) Ilumination g

» optical system / CCD EE T
— Imaging / recording of light spot g

) target mover Beam %
— move screen in / out of particle beam q/ween

»illumination S
— check system performance B. Walasek-Hohne et al., IEEE Trans. Nucl. Sci. 59 (2012) 2307

@ screen monitor setup
» radiator — Al,O4:Cr (Chromox) screen
(thickness 1.0 mm /0.5 mm /0.3 mm)
» CCD  — USB camera
» optics — CCTV lens
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Size Measurement: Resolution p

HELMHOLTZ =
| GEMEINSCHAFT

@ fundamental resolution limit

» point observer detecting photons from point emitter — location of emission point ?
X A
AX
- NA =sind:
Ap, :2hk-sin9z2-1.2—ﬂ-sin9 )
AX At e o e b 9 27 A numerical aperture
point observe
emitter | A
ens uncertainty principle: AX-Ap, =h = AX = —
2sin 9
‘ high resolution: (i) small o (ii) high NA
@ image of point source hittp:/Awww. astro.ljmu.ac.uk

[AX = 0.61&]

point-like _ sing

object

Airy pattern:
magnification M

— Point Spread
Function

image

@ resolution broadening: additional contributions
> depth of field

» radius of curvature

—  mainly for synchrotron radiation based diagnostics
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Emittance Measurement Test Setup

HELMHOLTZ =
| GEMEINSCHAFT

@ emittance of laser beam: .multi-profile monitor" method

@ calibration / resolution targets

» check system performance of detector system
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Tasks: Emittance Diagnhostics

ﬁHELMHOLTZ =

>

o

o

>

| GEMEINSCHAFT

estimate the image resolution for an optical synchrotron radiation profile monitor

»modern 3 generation light source: E =6 GeV, Ay =500 nm, 6, = 10 pm

— assume ,self diffaction®, i.e. aperture limitation imposed by radiation angular distribution (1/y)

derive the single particle transport matrix for a drift space

» assume paraxial approximation

—  sin(x)=x’

calculate the evolution of the beam size after a drift space
» use the beam matrix transformation together with the transport matrix R for a drift space

investigate the performance of the CCD
» spatial calibration — dot grid target (0.5 mm spacing)
> resolution —  Siemens star, USAF 1951 target

measure the emittance of the laser beam

» measure spot sizes for different distances of the lens

g

calculate the laser hbeam emittance —

g

g

(repeat with a different scintillator thickness)

analyse the horizontal profiles as function of the lens position

use the simplest way with only 2 values
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