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Accelerator Key Parameters
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@ light source: spectral brilliance @ collider: luminosity
» measure for phase space density of photon flux » measure for the collider performance
B Number of photons [N = - O']

[sec][mm 2 ][mrad 2 ][0.1% bandwidth]

relativistic invariant proportionality factor between
cross section ¢ (property of interaction) and number of
interactions per second

» user requirement: high brightness
— lot of monochromatic photons on sample » user requirement: high luminosity
— lot of interactions in reaction channel

» connection to machine parameters . '
» connection to machine parameters

N
B /4 oC I I . I
OxOy 0,0, &Ex&E; Q = 1 12

&

@ requ irements for two identical beams with emittances ¢, = ¢. = ¢

bunch of particles

> design of small emittance machine

. . low emittance beam high emittance beam
— proper choice of magnet lattice ; g
> preserve small emittance - > —_—

— question of stability
— require active feedback systems / careful design considerations
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Transverse Emittance
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@ projection of phase space volume

: : Sy X X
» separate horizontal, vertical and longitudinal plane 4 4
@ accelerator key parameter
» defines luminosity / brilliance
. X X
@ linear forces
» any particle moves on an ellipse in trace

space (x,x")
_ _ _ s=yx +2axx"+ LB x"
» ellipse rotates in magnets and shears along drifts
(a, B, y: 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 Courant-Snyder/Twiss parameters
( X ) — (mll m12 ) . ( X ) B m112 —2my my, mlz2 p
x’ f mp1 My X, i a | =|—mymy  l+mymy, —mymy, |- a
V), mzl2 —2mymy, mzz2 V)
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Transverse Emittance Ellipse
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@ propagation along accelerator (sy= B
a(s)=——7—=
» change of ellipse shape and orientation — area 1s preserved - azz ()
y($) =——7—"-

£(s)

£ =y(s)x(s)” +2a(s) x(s) x'(s)+ B(s) x'(s5)”

x(s) =/g8(s) - cos[\P(s) + (I)]
beam envelope: +/&8(s)

\l
7

beam waist:

von

— minimum in envelope — minimuminf — f'=0 —a=0

X' X'
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Emittance and Beam Matrix
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@ via Twiss parameters

2

E=rYX +2axx'+,8x'2

@ statistical definition

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

... = \/<x2 ><x’2> — <xx'>2

: = 2
@ beam matrix 21d moment of beam <x ) > _ LOO dx x* - p(x)
distribution p(x) “ dx
2 ' £(x)
s 2y 2y _ <x > <xx > _s g -« LOO
X, X <xx'> <x'2> -a ¥y » €., is measure of spread in phase space

» root-mean-square (rms) of distribution

g=yJdetS =2, -2, -3, Gx:<x2>1/2

» g, useful definition for non-linear beams

» transformation of beam matrix

my,  mp,

— usually restriction to certain range
] (c.f. 90% of particles instead of [-c0,+c0])

> =M2MT M =(

my, My,
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Emittance Measurement: Principle
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@ cmittance: projected area of transverse phase space volume

@ not directly accessible for beam diagnostics

@ measured quantity

» beam size J{H:m:ﬁ
» beam divergence \/g = \/<x'2> = \/;

» divergence measurements seldom in use

' — | restriction to profile measurements

@ measurement schemes

» beam matrix based measurements

— determination of beam matrix elements: g=,/detX =\/ INED VNREED o

» mapping of phase space

— restrict to (infenitesimal) element in space coordinate, convert angles x‘ in position

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Circular Accelerators

@ emittance diagnostics in circular accelerators
» circular accelerator:  periodic with circumference C,
— one-turn transport matrix: M(s+C,) = M(s)
— Twiss parameters a(s), f(s), y(s) uniquely defined at
each location in ring
> measurement at one location in ring sufficient to determine &

— measured quantity: beam profile / angular distribution

beam diverger

S -
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@ classification b . spatial resolving
cam spo detector (CCD)

» Imaging :

— beam size

» 1nterference %

— beam size

s

» projection

— beam divergence ﬁ(l/ B "

"

beam size

image size

interference
pattern

angular
distribution
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Beam Matrix based Measurements
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@ starting point: beam matrix Y = ;o 2y _ <x2> <xx'> :g(ﬂ —aj
2y Ly <xx,> <x’2>

@ emittance determination

» measurement of 3 matrix elements 2, 2,, X P b
> remember: beam matrix 2 depends on location, i.e. 2(s)

— determination of matrix elements at same location required

@ access to matrix elements

» profile monitor determines only O = 4/ 211
> other matrix elements can be inferred from beam profiles taken under various transport conditions

— knowledge of transport matrix M required I VL Vel M= (mll leJ

ny My
@ measurement of at least 3 profiles for 3 matrix elements
2y
> measurement : profiles ot = 1/2;’1’[)’0

> =m T +2 T 4+m) -2 . _
R R L PR » known: transport optics M, M

—2 — — —2 _
Zfl =mii .Zfl +2miimn .2;’2 +mp .23’2 > deduced: matrix elements Zfl,Zfz,Zgz

— more than 3 profile measurements favourable, data subjected to least-square analysis
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Beam Matrix based Measurements

HELMHOLTZ 555 e

@ ,,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 ] 3
M f=1/k M, .. (drift space C &
quad ( ) drift ( pace) .1 i Vertical Plane S =
02 e =5 umrad] g
. L p=159404[M - g
drupole transfer mat P 5
quadrupole transfer matrix R T I VR i
1 0 e LN y=5e1£05mT °
M = £ N o) z
d N : : : : : : : :
e +1/f 1 ©7 gt N bl S E
= M f : f f f f . E &
drift space transfer matrix - M drift""" quad | o S =
005 et N b B 5
Iy 11 N A
= R =
il R iﬁ%i . S

=

1.25 1.3 1.35 14 145 1.5 1.55 1.6 1.65
kL Im™1
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Beam Matrix based Measurements @
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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)

T

4 monitor stations in a

FODO lattice

@ task

> beam profile measurement
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Introduction

CEEE— Beam oo

Phosphor Screen

Work
Station
| |

Frame Image
Grabber [ | Processor

Fiber Optic P‘g' ' ::

Link  ocp C‘amera/Flltem Mirror
Telephoto Lens

—————— -
[ -

Camera Screen Calibration Screen Moveable Lens Aperture Laser

By moving the lens one can take pictures from the camera in the focus (not preferred due to
limited resolution of the optic system) and on other positions. The distance of the lens to
various screen positions can be measured by a simple ruler*. The camera is connected to a
Computer where the readout software is installed. The pictures (.jpg) can be saved and can be
loaded into a free software called “Imagel]”” where a profile of an area can be displayed and
the curser position and the value is displayed (8 bit). The o of the profile have to be found for
each screen (camera) position and the emittance have to be calculated.

* Move the lens to simulate different screen positions




Parameters

@ CCD @ screen
> Phytec USB-CAM 051H » material: white paper
Resolution 2592 x 1944 (5 MPix), 2048 x 1536 (3, 1MPix), Q9 gl’ld target
1600 x 1200 (2ZMPix), 1280 x 960 (1,2MPix)
1024 x 768 (0,8MPix), 640 x 480 (VGA) .
Model USB- USB- USB- USB-CAM-152H > spacing: 1 mm
CAM- CAM- CAM-
051H 151H 052H
color / monochrom monochrom color a Laser: LaserBOyII
Sensor Format 1/2,5"
Image Sensor Aptina MT9P031, CMOS
Pixel Size 22pmx 2,2 pm
Color format Y8 | RGB32, RGGB (Raw)
Lens Holder C /CS — Mount
fps 6 fps to 52 fps
Dynamic Range 8 bit BMI Bayerische Laserboy Il Wasserwaage 649 015
Shutter Rolling
Light sensitivity 1,4 Vllux-sec Allgemeine Informationen
Interface USB 2.0 High Speed Artikelnummer ET1117000
Exposure time 1/10.000 5 to 30 s EAMN A007368050049
Gai i
_Gain 0dBto18d8 Hersteller BMI Bayerische BT
White Balance - -6 dB bis +6 dB Hersteller-ArtNr 649 015
Power supply 4,5V bis 55V DC Hersteller-Typ 649 015 ~
Power Consumption Circa 250 mA bei 5V ‘u’erpackungseinheit 1 Stiick
Feature (optional - ext. - ext. Trigger, ;
(op : Trigger, Digm_é’ftput Artikelklasse Messlaser
Digital- . .
Output Technische Informationen
Temperature range -5°C bis +45°C Léange der Signalstrecke 30m
Dimensions (B x L x H) 36 mm x 36 mm x 25 mm Laserklasse
Fixing 1/4* and M6x8 on all sides Sichtbare Signalstrecke
Weight 09 Rotierende Signalstrecke
Connection USB Mini-B
Feature- Connection - Hirose - Hirose EMI Bayernische Laserboy Il Wasserwaage 649 015 Lange der Signalstrecke
R HR10A-7TR-4P 30m, Laserklasse 2, Sichtbare Signalstrecke,



CCD Readout: Introduction

@ readout program PHYTEC Vision Demo 2.2

[ S=ie

File View n

Vindow Help
> i |®Q w0 v S || w2
v | fil e v B rep2esexss) v 1B | mput|-na MR T

> histogram of grey values .

Histogram

4008445

| Grayscale

| Visualize Zeros

Scale

Linear

@) Logarithmic

C|i[:l a 1000

Exposure | Partial scan | Special

Check
Gain J 4 = | Auto
always: ]

Exposure J 1/139 sec : Auto

Do not 5 v

Auto Reference

saturate Auto Max Valug _,J 30.000 sec = Auto
(255)

- CCD control parameters
—  Device —  Properties

Help Update || Default || oK |




Your tasks in|green frames Check:
Do not

. . saturate
Calibration (255)

Use mm-grid to calibrate the
readout setup.
Select ROI (where beaim ima

Calibration
Line-

distance

[mm] pixel 1 pixel 2 180f
| 3 66| 401 :
[meter] Cal. Result 160

3.00E-03|== 111.6667|pixel/mm

All yellow cells will be 120;
calculated automatically I S N R N

0 200 400
Distance (pixels)

Gray Value

List | Save. . | More = | Live |




I'mageJ: Introduction

@ press icon access to start panel

File Edit Image Process Analyze Plugins Window Help

B olc|o|<4 |+ |7 Al a|o|0] s 4]o]~] | |~

@ load image file — File — Open  (Shortcut: Ctrl + O)
@ select ROL: in start panel: select left button (below “File”), usually already pre-selected
then with left mouse button: draw rectangular ROI : i

@ plot horizontal projection — Analyze — PlotProfile  (Shortcut: Ctrl + k)

© Plot of 8 0cm e | 15 S|

2137.67x163.87 pixels (530x255), 8-hit, 132K

Fs
v

Gray Value

-~ L M |
v

0 a00 1000 1500
'3 Distance (pixels) 4

List §| Save..] More = | Live

ST

@ save data -> list data points  ->save data as .csv file (required for profile fitting)



I'maged: Introduction

@ profile fitting — Analyze — Tools — Curve Fitting...
» load profile data:

Straight Line i Open | Apply | [ Show seftings
—

0.00 0.00 -

1.00 0.80

2.00 4.50 load .csv data file
3.00 &.00

4.00 1g8.00

5.00 24.00

> delete bad data:

Straight Line

i




Take profiles at

3 different distances
lens-screen. Move
lense to simulate 3
positions.

!

FProfile maoanitors

I EBeam
S5

S0 o

=T Sz

Hint1: Make the distances equal, sets, =0, s, =-s,
Hint 2: Avoid position at waist (why?)

Yy y

2
(o O . —
_[O1nn O | |7y wo| B a
O = - 2 _grms
Oy Op o . O —a y

2 —M 2 2
Gy measured M%cyy + 2My; Myy04, + My,

1 s
No optical elements => M = (0 1)

2 - 2

52(81) measured = O11 T 281 G4 + 312 Gy
GZ(SO)measured = 611 o 230 612 ar S02 G22
0%(S2) easured = O11 + 255 Oqp + S,° Oy

with
o, =0,(0) = 62(S0)

O'y2 (+s)— O'y2 (=s)
2= 4s

N O'j (+5)=2-0°(0) + O'j (—s)

=o(+s)

J = o matrix

G2

Oy = e = Gz(-S)

Check:
Do not

saturate
— Jdcto =Jo,0,, -0 (255)

Adjust the aperture so that the image looks
quite gaussian at its larges size!

1209.71x89.58 pixels (528x255); RGE, 526K

100

Gaussian
y=a+ (b-ay exp (- (e o (e ol 20 d) o

a=231.80715
b=07.45842
c=513.99554
d=37.83799
R*2=0.94908

] 200 400

| Save... ‘ Copy... | =667, ¥=37.54




Take profiles at | -
3 different distances H Beam

=1
lens-screen. 2 S1 52| Check:
Frofile monitors DO IlOt
saturate
Make the distances equal, sets, =0,s,=-s, (255)

Enter the screen positons +s, 0, -s and the measured ¢ from fits (in pixel) at +s, 0
and —s into the Excel sheet: . . oo =

1200 71x80 58 pixels (528x255), RGH, 526K
g = H H 100 aussian .
Position[m] L[m] sigma [p] sigma(s) [m] 1 bartat ez
METER!!! PIXEL 0| 5257 4304 '
+s 1.00E-02 37.8|  3.38E-04|Take FWHM/2.36 if not Gaussian! = 37 asras.
T = g0 | R"2=0.9908
0 2.00E-02 33.5|  2.99E-04|Take FWHM/2.36 if not Gaussian! ; -
1-DDE'DE 0 200 40 600 a0o0 1000
) _ L - - | X
5 3.00E-02 | 30.2] 2.70E-04|Take FWHM/2.36 if not Gaussian! S

distances [meter]
5= (s equal between 3 positions)
Emitt"2 2.38E-12[should not be negativ!
E . .
sigma 11 8.95E-08 Emittance: | 1.5415E-06) expected Emittance: around 1 * 10E-6 [m rad] I h tt 1 1 t d b th
sigma 12 1.03E-06 (often the unit is written in [ @ mm mrad] while 7 indicates that £ is the area of an ellipse) e eml ance ls Ca Cu a e y e
sigma 22 3.B4E-05 Unfortunately it depends sometimes from one pixel in sigma only in this experiment
- formulas.

P s e e Since the Laser is not gaussian, vary

o =0ii0) ; ;:g: —~2L-¢eaz+ L* - evs } th the salui { :22 :(ifg-;'g)/(u) a llttle(!) the ﬁtted WldthCS. NOte

) ) iz =€_:+2 et Lo with the sclution n = (3} — 232 + £2)/(2L%) . . .
o I e €. = h-em— () how sensitive the emittance behave.
5y D20 oico => Need of good resolution and

2-5°

- good fits.




