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1 Emittance Measurements at the European XFEL

European

XFEL | Outline of the Talk

Optics based Measurement Techniques
Optics Matching

XFEL Diagnostic Sections

Slice Emittance

Image Analysis

Measurement Infrastructure and Procedures
Phase Space Tomography

Literature and source of some robbed images on these slides:

F. Loehl, “Measurements of the Transverse Emittance at the VUV-FEL”,
DESY-THESIS 2005-014, TESLA-FEL 2005-03

M. Minty and F. Zimmermann, “Measurements and control of charged particle beams”,
Springer, Berlin, Heidelberg, New York, 2003.

J. Rossbach and P. Schmueser, “Basic Course on Accelerator Optics”

M. Yan, “Online diagnostics of time-resolved electron beam properties with
femtosecond resolution for X-ray FELs”, DESY-THESIS-2016-017.
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Emittance Measurements at the European XFEL

European

XFEL | Introduction

Emittance and beam optics are important
for machine operation and FEL performance

At high energies optics based methods are
preferred over slit based techniques

Slice resolved measurement with a transverse
deflecting structure
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Emittance Measurements at the European XFEL

European

XFEL | Optics Based Emittance Measurements
Optics based emittance measurements: screen

quadrupole

reference point

= Beam moments are determined at a reference point
using either:

one screen while varying the quadrupole settings
at multiple positions along a constant lattice

= Slice resolved measurements in combination with a
transverse deflecting structure (TDS)
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Emittance Measurements at the European XFEL

European

XFEL | Fit of Beam Moments

Beam size at point i as a function of initial
beam moments: (x @‘@ @ “

. IBIO ':EO /Eﬂ?
From the beam moments emittance (and =~ /= 7, o | = rol fe
twiss parameters) are determined: T \/@“} o) = eomo) . <<513502>0/>ei '

In an ideal measurement three data
points are sufficient:

2 | | D
_2RWVRL Ri
2 2 1
2R{V R RQQ
2R{VRYY R

In a real measurement more
then three data points are taken and * =)
the beam moments are determined i
by a least square fit: unknowns to be determined by the measurement
determined by diagnostics (screens / Image Analysis Server)

provided by beam dynamics (Optics Server)
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Emittance Measurements at the European XFEL

European

XFEL|Fit of Beam Moments Il
Penalty function is the quadratic n / , 2
Y ) a (22) — fi((zd), (zozh), (zh))
sum of beam size deviation from
the transported assumed = | T ,
moment normalised with £i(@3), (wozb). (142)) = R (a2) + 2R R (zoarh) + RS (2%
beam size error
With / (=) \ / R ar(RD  RE?
Ve (1)> 7w El ) ”<;c%l)>g "<cc§l )
{;178) ($(9)> R{Y 2R{} R{Y R{Y
a= | (rorp) and — | "=ty B=| "¢hy =ty 7=ty
(x6%) : : : :
2 n " ™" ™
\ C / R(M)? 2r{) R(7) R( )2
o, o o o
ny? \ 72, @ Cn)) )/

the penalty function can be written in compact form

2
Z bi — ZB”%]

i=1
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Emittance Measurements at the European XFEL

European

XFEL| Fit of Beam Moments lli

Analytic minimisation with standard . & 3 2
techniques: =2 bi — Zl Bija;
1= 1=
Ox*? /Oay >y zzzl BijBita;
(‘;)YQ/({)(LQ =2 Z:,l:l Z 1 B@ng'Qﬂ.j
dx? /Das S Zj_l BijBiza;
Z?:l b%le 0
— 2| S biBia | =0
21;1 biB';B 0

This can be rewritten as: BTb = (BTB) a

and eventually: ( (B"B) - BD

The least-square fit is represented by an matrix inversion

This form is numerically often more efficiently to implement than the
original fit
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1 Emittance Measurements at the European XFEL

European

XFEL | Measurement Errors

Errors on beam moments are s oe=/ 09\ 3 = < dg g
. . Umt-JrZ Z -
determined from the beam-size

measurement error using

standard error propagation Bag a1/ aras — az
: — —aQwﬂng—az
\/ajraz — a%

'S 2
2 dag, 2
(O —5 T (22

P~

(i)

An equivalent notation ar =Y Ci; [BTb} __ C = (B"B)"~
is possible which is typically i= ’
easier to implement

39 % calculate errors 2 T '33:0 2
40 — gf(l,1,:,:) = (®xsg.*Xpsg-2*xxp."2)./ (2% (xsq.*Xpsg-xxp."2)."(3/2)); (j'f — (T'af) C(Ta‘f) P O.a:t' P
41 — gf(1,2,:,:) = —-¥Xp.*xXpsqg./ (27 (XsQ.*XpSg-xxp.~2) .7 (3/2)): 0 2
42 — gf(1,3,:,:) = xpsg./ (2% (x=3q.*xpsg-xxp.~2) . (1/2)}; P ... (_TE
EEl|= gf(2,1,:,:) = Xs5g.*xXXp./ (X3g.*Xpsg-xXxXp.~"2)."(3/2): ro,?"ms
44 — gf(2,2,:,!) = Xx3d.*xpsq./ (X3g.*¥Xpsg-XXp."2) ."(3/2)
45 — gf(2,3,:,:) = —x®p./ (X3g.*Rpsg-xxp.”2)."(1/2);
46 — gf(3,1,:,:) = -x=sg."2./ (2% (XsSq. *XpsSg-xXxp."2) .7 (3/2)):
47 - gf(3,2,:,:) = —x=p.*xsq./ (2% (xsq.*xpsg-xxp.~2)."(3/2)):
48 — gf(3,3,:,:) = ®xsd./ (2% (XSg.*RpSg-XXp."2) .7 (1/2));
439
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1 Emittance Measurements at the European XFEL

European

XFEL | Measurement Errors Il

Beam size used for the fit is the mean of all spots (typically 20)
Error is estimated as the square root of the variance which is not

V(N)

Important purpose of the error is to provide individual weights of
each screen for the least square fit

Estimates by using subsamples and assuming no error gives
comparable results if the beam size errors are of comparable size

Monte-Carlo simulation estimate of errors from sample assuming
perfect match and 5% beam size error:

emittance [mm mrad] 0.902 0.895

error [mm mrad] 0.054 0.052
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Emittance Measurements at the European XFEL

European

XFEL | Visualizations of Fit Results
horizontal phase space

Different visualizations of the fit are useful to N,
judge measurement quality

The design (white) and measured (black)
ellipse should agree

Measured ellipse (black) should touch all beam
size measurement lines (colors)

In normalised phase space the ellipse should
be a circle (transfer matrices are rotations)

, , 100 80 60 40 -20 0 20 40 60 80 100
normalised horizontal phase space
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1 Emittance Measurements at the European XFEL

European
XFEL Impact of Optics Mismatch

Example:
single quadrupole scan

s

-+ D )
Qzuod{ X

A mismatched beam (with respect to design optics) is not only undesirable
because of the resulting unknown beam transport

— a mismatched beam makes the measurement itself unreliable!

= Equal weights of beam sizes in fit for matched beam (in periodic lattice) leads
to compensation of statistical beam size errors

= Transfer matrices need to be sufficiently different to have a “well defined”
solution — sufficiently large phase advance range (about 120deg)
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Emittance Measurements at the European XFEL

Systematic Measurement Errors due to

European

XFEL | Optics Mismatch

Beam Mismatch:

e beam size error = 10%
o beam size error = 5/
beam size error =

£ = (’750 — 2aap + Byo) ; 0 __,.«-""A
BMAG = f + &2 —

Bo

(az,px+ B2, 07" ) /\/Be,D

< B < BMAG - .

BMAG P Po T : ) X :
- 13

Monte Carlo Studies: 10082 w | p

Example FLASH: D 1 0 1 ) E 140 beam size error = 1% “...,.-'

20k random beam size */V/Pen = result

\g ; 120
error ensembles o = up — \J2E D - |
100 fsmsmmnsssppasppationnssaaitl
90
Sensitivity on beam size error increase with “beam 1 2 ; ' 5
mismatch” or non optimal phase advance range " b s e~ 10 -
g 30 L beam size error = 1% '._.'."'-‘.
2 20 Py
Beam should be Do not trust measurements £
: . . & 10 [
matched to with mismatch higher than < failed fits
< = 0 frmmmt : :
BMAG < 1.1 BMAG = 2 ; ; : 4 5
F. Lohl 3
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Emittance Measurements at the European XFEL

European

XFEL | Mismatch map

Full “mismatch map” gives a detailed insight into acceptable beam
mismatch

Emittance error as big as beam size error for matched beam

(~4.5% in this example for 5% beam size error)
BCi1: ey = 1um, Ej = 700 MeV, beam size error= 5%
(—¢en)/en 0c /&

0 2 4 6 8 10

[3}; (m) M. Yan, PhD. Thesis 2015
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Emittance Measurements at the European XFEL

European
XFEL | Measurement Methods
Quad Scan Example:
= Single quad (signal to noise, uneven phase Multi-knob scan

advance, can be improved but needs special "
initial conditions) - -

= Multi-knob (needs defined initial optics)
Multi-Position

Beta functions at the screen

betax, betay [m)]
= [
o =
&

=
)

= FODO (optics matching, cancel energy error
to first order for the normalised emittance)

0 5 10 15 20

= “irregular” (anywhere in your lattice — typically ,_messuraments sisps
. .in ase advance in both planes
not ideal boundary conditions) o
Additional boundary conditions from beam size ™ A
requirements on the screen to optimise S 10
resolution 2 10
Matching required to guarantee good phase sf
advance coverage and “uniform” phase space N I
. 0 5 10 15 20
Sampllng M. Scholz measurements steps
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Emittance Measurements at the European XFEL

European

XFEL ]| Optics Matching

Screen

reference point Quadrupole

|
I
|
; >
|
|
I

matching quads

A mismatched beam at a reference point can be
“matched” by tuning upstream quads

Results from a optics measurement are used by a
matching tool to calculate a matching quad setup

Another measurement is required to confirm improved
BMAG

lterate until desired mismatch is reached
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1 = Emittance Measurements at the European XFEL

European

XFEL | XFEL Diagnostic Sectl
» Diagnostics sections in

Injector and downstream of
BC1 and BC2

m Transverse deflecting structures
(TDS) in each section
(BC1 delayed)

m Kickers for “semi-parasitic”
operation

a) Injector and BC1 section

2 screen station

dipole

main beamline

main beamline
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I - Emittance Measurements at the European XFEL

European
XFEL | “Semi-Parasitic”’ Diagnostics
‘_2
E
= electron bunch — || =< min. 220 ns
g
= AN
,
= S
> <600 ps t
0.1s
Semi-parasitic operation of TDS in parallel to FEL operation using electron beam
kickers
Up to 4 bunches can be streaked at TMHz (3.5 us flat-top duration)
At BC1 and BC2 more than one bunch is affected by the TDS
=> implications for machine protection (MPS)
Trailing bunches of FEL sub-trains are analysed (as in FLASH)
A SASE 1 SASE 2 e fill and stabilisation (about 100 us)
§ Modification of RF parameters
z (about 50 us)
7 F\\ 7 time >
analysed by TDS
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I - Emittance Measurements at the European XFEL

European

XFEL | Kicker Operation

Four bunches (at 1 MHz) can be streaked with the TDS systems

Beam trajectories for kicked bunches on the first two screens intersect with the last two
screens in addition to radiation showers limiting Q Q
image quality screen station
Example: XFEL BC1 TDS | dipole
 Quadrupole Kicker @ Screen —] :"-.\ :’ﬁ~ main beamline

T r . .
B : I kicker magnet ™.
R T‘LH Jd A

@ @ local dump

= 10p _I\IC]\EI‘ Fon )
E o0 - . . . T | Option10Hz*:
& 1ol ; ; [ ; = . ’ ' To avoid overlapping beam
Z :| Z | | bunch train 1 I I spots the number of bunches
E 10_ kiC;ker':l'Ol] - .. .. R . e . : :
g, _ _ : Option 5 Hz: | | streaked per shot (10 Hz) can
A = = be reduced to 2 or even one.
v -10F bunch train 1
= 10f — kick | bunch train 2 '
: 13 icker don - : : dnen fam 1y An advantage of the 2.5 Hz
2l | | | : - Option 2.5 Hz: | | option would be that always
f | j i ; bunch train 1 : the same bunch along the
/g 10"'—ki§k'er'4'011 I T e I e bunch train 2 i E train is streaked and
i 0 ; ; \r i bunch train 3 | analysed.
=10} : : : : il : i _ .
: : : 6| . L bunch train 4 | | => scans along.the tralln /
- s (m) : = intra-train stability studies

* not possible at BC2
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Emittance Measurements at the European XFEL

European

XFEL ] Fast Kicker Magnets

Courtesy of F. Obier

Distortion of adjacent bunches at 4.5MHz:
imrg] BPMA.57.1M/X.TD; Buf=1046046020

_: ..................... [ [

copper bar

beam axis

12.4+— : : . . .
gdo. 8002 8004 8006 8008  sOM. 3[111.]2
LS

Ninen1 BRODRMA BT MY TH: Ruf=1nNAdRNARNTIR

repetition rate of 4.5 MHz (380 ns half sine
wave)

=> 2 kickers in series required in BC2 to
achieve sufficient kick strength (two pairs
installed)

=> online slice emittance measurements not
possible

4 TDS kickers in the XFEL injector are in
operation — others are installed
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I - Emittance Measurements at the European XFEL

European

TDS Systems

Example: 4.5 MHz mode, single-bunch
streak (50 ns flat-top) injector

| |
=——hunches
TDS
kicker
0 500 1000 1500
time [ns]
BC1
| |
s hunches
TDS
kicker
0 500 1000 1500
time [ns]
BC2
| |
= bunches
TDS

kicker

/ N\

0 500 1000 1500
time [ns]

1.7m, 46 cells

0.7m, 16 cells
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Emittance Measurements at the European XFEL

European

Screen Station for European XFEL

monitor setup

dot grid target(spot @ .50mm)
200um thick LYSO screen (on-axis)

2 h§lf 200pm thick LYSO screens (off-axis)

f=180mm for 1:1
~ o o =120mm for 1:2

otrc_55_i1 11 installation

&=
=
[
e

_i1_off_axis

W Example: 2 bunch operation
] second bunch is kicked

600
800 =
1000
optlcal | 1200
1400
1600
1800
2000 . .
on-axis screen off-axis screen
200 on geometry
200 400 600 800 1000 1200 1400 1600 200 400 600 8O0 1000 1200 1400 1600 )
lution
‘unction)
zuu{ - IE Slide thanks to G. Kube
b T oD o = F Ch. Wiebers et al. Proceedings of
har. pixel |B|C2013, OXfOI’d, UK
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Emittance Measurements at the European XFEL

European

XFEL | Slice Emittance

slice emittance

FEL Process acts in a “slice” much shorter = *
then the bunch length Bk T
Projected emittance would underestimate R T
the phase space density of each slice |
o , s | / cursent [uu]
Longitudinal resolved measurements usinga <= —— gin o N
transverse deflecting structure (TDS) = o / -
horizontal phase space ) oos s 4 .u;_llzit_-e ilclidexé + 6 @
50 - optical functions
5 . I I —I.fi I I
—;JI\IA(L
4 — — design f,
— — design a,

ol
50 ,\\J 100
-10 0
5 0

3 10 -100 At , . . | | | |
slice index 4 6 4 2 0 2 4 s
N - :1:[;;:111: slice index
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Emittance Measurements at the European XFEL

European

XFEL | Slice vs. Projected Emittance

Aligned Beam — assuming all slice centroids are (0, € &y) = (432,18, 630) nm rad

horizontal phase space parameters:

80 — 7
I H d . —aligned beam [
a Igne . 60 F — pranulated beam| - 5
I8 —projected beam 4
P1ya = 2a1a2 + y1 52 a0 \§ z
mp(B1,P2) = 3 1
2 . 20f N .
= N, H
=0 : - 23
-..i‘% 3 ™
wi+wa+ ... +w, =1 20} 4
3 -5
-40 L
\ 7
n 60 \ a
5 9
€, = E mp ()Bm ) ﬁ.-" ) (W Em) (wrer) 80 _5'0 EI, 5'0 160
m,l=1 x[pom)]
beam optics along bunch in hyperbolic plane
0.4 - . . : — 7
i : 6
] o38f @ 15
ﬁ(.r = E Win €m /Bm 0.36 | D 14
€a m=1 . |®
B 0.34 o 12
K] 1 1
| " 'ﬂT 0.32 ] ? g
g = — § Wi €m Qm o 0 © 2 8
€. o 3 %
a =1 = 0.28 .
0.26 5
n ] 8
1 0.24 7
Ya = E_ § Wmé€mYm 0.22 8
a T -9
m=1 02 . . | |
05 0.4 03 Q0.2 0.1 0 0.1
, Thyp = —o/B
V. Balandin
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Emittance Measurements at the European XFEL

European

XFEL | Slice vs. Projected Emittance

Granulated Beam — emittance obtained from the (€0, €9 €) = (432,18, 630) nm rad

horizontal phase space parameters:

80 — 7
H H 1] H H ”\. ——aligned bez 6
slice centroids (“train emittance”): T ranuiated beam| | [ {5
5 —projected beam 4
| n | n = sk 2
<(~‘_ - (3?>\1‘)_>H_ = Z WXy, — Z WmXm ol | , '
m=1 m=1 = 0 3
g of T E
n n \ [/ n = 2 B
- — - — - = - - H S
(=) @ =@y = Z WimXmPm — (Z Wmn xm) ( Z ‘-1"”-:});”) 20T 4
m=1 m=1 m=1 / 401 ;
n n < ‘1 7
_ — 2 ) _ 60t "
- w L= ‘MmFm VmFPm 4
@—=@w)) = ), Wmp Wi P | | | |
m=1 m=1 / 0 50 0 80 100
. . . x[pm]
pm IS Obtalned by flt S beam optics along bunch in hyperbolic plane
1 1 (i) - (i) = - 0.4 . ; : : ___
might be distorted by o (RS + R ) | :
. . X_:Z X - (i) 038 Py o 15
dispersion, wakes, ... T o3 ¥
0.34 o 12
™ 'E
2 - oy 2 - o 32 - - _ - P 032 {0 %
e =(GE-@®w) AG-@W)), (G- @ GE-@wa T . ,\ . §
o h 2 8
E’ 0.28 3%
_ _ 2 _ _ B _ = -4
(G @), L G-@0G-DW o :
&~ 8 = 0.24 -
€g €g :
022t :
_ _ b . | | | :
_ ((}J - (p>“.) >\4,~ -y 04 03 02 0.1 0 01
V. Balandin Ve €g Thyp = —o/8
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Emittance Measurements at the European XFEL

European

XFEL | Slice vs. Projected Emittance

Projected Beam:

2

2, (X = (X)) (P — @)n'))w

+Ba (@ =), |

€afa + ((.\_ - OF)W)Z)W

€

€aq — (¥ = (X)) (P — <}3>H')>w

o =

N N o
€ =€, e, T € [‘yu <(x - (3-‘>u~)'>w

€

€aYa T <(13 - @)M)2>

€

w

y:

V. Balandin

horizontal phase space parameters:

(€as£4:€p) = (432,18,630) nm rad

80

60

a0t \

201

' [prad]

=20

40

-60

—aligned beam

—projected beam

— granulated beam| -

bh Udhdbbhdbioasnmwsonsn -~
slice index

-80

beam optics along bunch in hyperbolic plane

-50 0 50 100
x[pm]

0.4

0.38

0.36 |

an

Ly

o]

b db Y b dh kb i o oW e @ o~
slice index

-0.4 0.3 -0.2 -0.1 0

- — {3
Thyp = 3

01
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Emittance Measurements at the European XFEL

European

XFEL | Image Analysis Overview

Image analysis code developed at DESY
(Roehrs, Behrens, Yan, BB) automised mask-of-interest to

Experience from FLASH, SFITF, LCLS, ... enable efficient RMS spot size
analysis (“Noisecut”)

Fine tuning of hardware
specific parameters

%103

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

vertical axis [m]

_ Shearing of beamlets to mitigate effects from
25 2 45 4 05 0 05 1 15 beam tilts or dispersion on chirped beams

horizontal axis [m] 103

Slicing of beam images
for slice resolved analysis

unprocessed slice image 04

i : Raw data

" Correlation correction

=
e
5}

20 40 60 80 100 120 140 160 180

corrected shearing

=}
@

slice gauss width [mm]

o
=)
=

o

i I i i H
15 20 25 30 35 40

=

20 40 60 80 100 120 140 160 180

- herizental axis [px] slice index
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Emittance Measurements at the European XFEL
European )
XFEL | Image Analysis

Beam Size Determination

= Gaussian is robust but only applicable if the beam spot
iIs Gaussian or at least symmetric

= RMS is well defined only if no noise is present since

the contribution of

each bin goes with 223_ E
the square of the 400 E
distance to the o F E
centre-of-mass 250 £ E
=> Masking of noise fzg: E
s required if RMS 100 & E
is used 50 |- E
O % w0 e 0 100
S riteres omaremers e Earopnn XFEL DESY Zastr 11707 N —

Bolko Beutner, DESY Hamburg



Emittance Measurements at the European XFEL

European

XFEL|] “Noisecut”

Initial Image with noise to dominate RMS calculation

% 10" 007

200 §

400 §
4150
B00

4100 ns i

800

1000 50

1200 B

. L L L L L L 1
-1 EI:II:I [t} 200 400 600 800 1000 1200 1400 1600

OO0 400 GO0 8O0 1000 1200 1400
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Emittance Measurements at the European XFEL

European

XFEL|] “Noisecut”

Initial Image with noise to dominate RMS calculation
Intermediate smoothing of image (e.g. Gaussian filter)

% 10" 007

original
i smoothed -
200
400
4150
GO0 aF .
4100 sk |
a0a
1000 =t
1200 L : ‘ ‘ ‘ ‘ T
2':":' -4':“:' EI:IEI BDD 1 DI:II:I 1 ZE“:I 1 -d-I:ID .1 EI:II:I 1) 200 400 00 800 1000 1200 1400 1600
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1 Emittance Measurements at the European XFEL

European

XFEL|] “Noisecut”

200

400

600

800

1000

1200

Initial Image with noise to dominate RMS calculation
Intermediate smoothing of image (e.g. Gaussian filter)

Determination of mask by application of threshold to smoothed
image

original
smoothed -
final

d180 1

4100

50 0

200 400  BOO 800 1000 1200 1400 1600
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Emittance Measurements at the European XFEL

European

XFEL | “Noisecut” Threshold Determination
Threshold determination either by a scan

300

hor.

a5 L vart, | |

mp - selected s
150 1thresho|d .

100 —L —

Ml -

] | | | | | | | | |
0 01 02 03 04 05 0B 07 0.8 09 1

. _ threshold parameter
or using histogram based methods

measured
beam size

x10% i .
100 noise
200
300
400
500

600

700

pixel count

800

900

1000
100 200 300 400 500 600 700 800 900 1000

pixel intensity
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I - Emittance Measurements at the European XFEL

European

XFEL ] Sliced Image Analysis

vertical axis [m)

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5
horizontal axis [m] w102

Restrict analysis to region-of-interest (ROI)

Find reference point (has to match on all images regardless of position
jitter) — typically centre-of-mass

Apply a matching slice width (either calibrated time interval or relative to
individual longitudinal sigma)

Emittance Measurements at the European XFEL, DESY Zeuthen, 11.10.16
Bolko Beutner, DESY Hamburg
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1 = Emittance Measurements at the European XFEL

European

XFEL | Measurement Infrastructure

Services Needed for Off-Axis Emittance Measurement

Server
Matlab

J. Wilgen

Emittance Measurements at the European XFEL, DESY Zeuthen, 11.10.16 (a2 # veLmmovrz
Bolko Beutner, DESY Hamburg ) | ASSOCIATION



Emittance Measurements at the European XFEL

European

=

On-Axis Projected Measurements

sce Erittance Maasurement and Optics Matehing i (Ravision: 82:121) XFEL *
View Measurement | New Measurement Match Optics a0+
View Measurement || New Measurement Malch Optics 40+
mace | G | e | G | A | bror | B | me0so0 apmosou
harizontal 1.6340 0 0489 23554 0.1162 1.2616 0.0650 10296 24228 1.2902
Start measurement H ' wicl | 17158 0.0176 23517 0.0407 -1.0396 00152 12893 2.7787 -1.0193 2016/03 design beam oplics 11D, Undulator open ay
SCRN.GUN. omC st T WL T e e e [T ey morre e 0321
Start with pause OTRC.59.11 . [2016-07-111183905-OTR 56-50.1
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Information - Taking b%am Images wvert. normalised an Space . W IN=35143 2016-07-10T110208-OTR 55-59.11
Information - Switching laser off 2016-07-10T104905-0TR 55-59.11
Information - SCRN.OTRC.59.11: Moving OUT. 15) gglg:g;gggggg:g:&; gg:gg ::
INormaton- Mensuriment ihned. FINSHING s 01 2016.07-08T162336.0TR 83.59.11
Information - Measurement finished: FINISHING e 2016-07-08T145949-0TR 55-59.11
o = 2016-07-08T145413-0TR 55-50.11
Information - Measurement finished: FINISHING 5. o5 g A
Information - Measurement finished: FINISHING < S04 2016-07-08T132800-OTR 55-59.11
Information - Measurement finished. > 0 £ 9016.07-05T155202.OTR 55.59.11
g E 2016-07-05T112953-0TR 55-59.11
+ -0.5| ot - % 013 2016-07-05T112208-0TR.55-59.11
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2016-07-05T081103-OTR §6-59.11
2016-07-04T211531-0TR 55-59.11
ml/z 12 01 L i H i 2016-07-04T210944-OTR 55-59.11
v cssli [SET CEX €8S |2016-07-04T185135-0TR 55-59.11
Active device: NONE; active group: NONE L = -k o G221 XESL 0 e-Logbook
Lonboo View Measurement New Measurement Match Optics 40+
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T0—
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Emittance Measurements at the European XFEL

European

XFEL |

FI|E Setup Special

EmittanceMonitor

Wl File Edit View Insert Tools Desktop Window Help

ready B2l e h RO R4 @ 05 0

Off-Axis Projected Measurements

File Edit View wnoec  svws eantup Wiy ey

hor. nomalised Phase Space

wert. nonmalised Phase Space

OTRE.5511 OTRC 5611 |
close laser shutter laser shutter open 1
insert off-axis screens :g is o5 u’:ffsﬁ 133533?%“
50 éx E =1.002 £0.0711
- a0 ;<x ’ BMAG =1.059 £1.31
start projecied measurement 100 <
take new background 120 ;X SN
c Nk 140 - =144 2 0.0629rfmrifad i mrag
[} automatic analysis of measured data 20 40 B0 0 100 120 140 20 40 B0 &0 100 120 140
~ili=cy paoslireivakiSone M OTRC.5811 OTRC 5411 Vnsx’ﬁ;’ggla * Sy/ﬁfng;é
[ use "Optics Server"(TM)
RBIN=012013 $IN=166238
match beam " o
arss wrs
beam energy [MeV]: 130 read energy 5 ="
bunch number to kick: 1 train end train end+1 % o1z %"”
20 40 60 80 100 120 140 20 40 60 &0 100 120 3, gL,
Use of kickers allows for much faster '
1% i 3 £ s %% T 7% 75 £ 75
scanindes scan indes
measurements (about 20s)
. . . .
Orbit and optics mismatch . =
File Edit View Insert Tools Desktop Window Help > E i?'&f_yi E/Ifﬁﬂ p252tees I HH >
needs to be good NGEa b \ANOEL. B OE uE B Nasis *"HV L
w0 injector beam optics mate hing |. ug . vert. |
y |1 = b T PE
Allows for measurements of . . ] e e R
E tatchedy l )| | | | | 1
other than the first bunch ot | 0w m w0
g " { bunch no.
—— = E 1]
Make sure that the energy T o F IH ~ Hw 1{1
et
[ 1] 1 1 (‘D -
chirp is removed m ’ =] | = i
. " IF hor.
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o 100 200 300 400 500 600
G37;\1UQSBHUQl‘mHUG|47;|TUQ|5[||1UG\52HUO|53||UG|54|1U bunCh no.

projected emittance
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Emittance Measurements at the European XFEL

European

XFEL | Slice Emittance Measurements

Slice emittance measurement and matching

File Edit View Insert Tools Desktop Window Help *| File Edit View Insert Tools Desktop Window Help ~ File Edit
NEWe b RAODEL-3 0E =D Meds & - i fr Q.
,J GES b RANDEL = 0& = _1 NG d Measure horizontal slice emittances
} Rt s . : OTRC 5511 OTRC 5611 OTRC 5811 OTRC 5311 .
T - ,
a = i - measured i
c .7 design il No. of slices sourrounding the core slice: +- |5
% r H 50 25|
§ 2 VD\RT I Match slice with maximum current
@ Fres u
i 100 2 ’
e or match slice number # 12
9 2 4 [ [ 10 12 19 16 18 i g2
:_' 150 s n
] o : ]
= :
T T W = : B
3 T _I_\ - measured i = o F
o 25 - ¥ 4 -{ " design 1 200 | 1 : 03 r
e 2 V k . q : b B
E 15 1 - : H : : : : : | 0.2
s ! I o o H : 0.1
05 g 2o o o o - : : | .
0 > ; i ; i L H i
v 2 © E g 2 K L2 B i 2040 60 60 L 20406080100 2040608010020 2040603010020 b5 0.7 0 05 04 3 0.2 o
slice index xhyp =-o/b
File Edit View Insert Tools Desktop Window Help ¥ File Edit View Insert Tools Desktop Window Help ~| File Edit View Insert Tools Desktop Window Help §
N d® b ARVDEL- G 0H a@ NEde b A0UDLRAL- 3 08 aD Qcds kb RAVDLRL-3 0EH ag
beam optice mismatch with respect to design slice emittance 10 slice beam size
—= o~ — s : . 7 . T : T
& - _—___ EMAG emitiance 'Ef ——ODTRCSS5I1
A current = 1 | ourrent 7 ——OTRCS6.
9 7 . /| 8 12 gain = ——O0TRC5E1
E i i ; T £ : : i 0TRC.59.11
", I
o s A E . : [
. S S e 2
?E:L AT “\ 5 0.8 g
@ T { \ =
o = ol E e 3 f
g / g s £ e
© / . ; T T
; | = @ ; r ] +
sl AN ¥ - §| Lrrihe KD
E ; < 8 s @/E;"& ;j} it
8 L. z E’E“E{/ | g
3 g 12 ‘
I " q j
a 2 4 & 8 1o 12 14 18 18 0 2 4 6 8 10 12 14 16 18 0 2 4 [} & 10 12 14 16 18
slice index slice index slice index
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Emittance Measurements at the European XFEL

e !
European commonFCT_CODE_117.xml  XFEL_SIM.SYSTEM/XFELML2 WATCH/TS... E

XFEL | Optics

'TSVR.EXFELOPTICS00 | | |optics_server_sfel . W On

unknown status

Tine Server

ok Inone |
Change: IE SetInt: 0=ok, 1=error, 2=off, 3=warn, 4=2.mode, 6=offline
Elegant backe I L
Program: 406 406 PID: NICE: PRI: STATE L [ upsstepssasn |
Matlab Interfaq eszes woiies e =0 @ =0 2 P | I
. : _ _ S emmeamadsgxbkr3
Xoptics SIZE: 10057196 kb CPU-Util: 2.30 %
lefe rent Priva RSIZE: 873100 kb time: 3417927 msec
. START_SIZE: 787564 kb Reset STARTUP_SIZE | _
a | beta x
MaChIne MOd N Restarts (RPC): 2 Nr. D rpe check server errors D rpc check :

alpha =

. SVR_Errors: _R | 0
Can be gene RPC_LIBNO: 0 | SVRLOC: | |
from control

Waittime for Min tail | t
. _check 120 timedelay 150 09 |
Matching capg]| aestart for restart show log

Kill after
X rpc_check ’:E X restarts 21 edit conf |J

GUI to monitot fais

: Last Start Times: Statistics Server: Start and Online
different setupll| .os.20 123340 — -
2016-09-19 15:23:22 Authorization Restart Server | Stop and Offline
2016-09-19 11:42:44 - -
2016-09-16 14:33:10 Logging Start Stop Kill Server

lexport’doocs/server/optics_server_xfel |

lexport’doocs/server/doocs start optics_server_xfel |

lexport’doocs/serven'optics_server_xfel/optics_server_xfel PID |
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| DESY |

Bolko Beutner, DESY Hamburg oY/ | ASSOCIATION



Emittance Measurements at the European XFEL

European

XFEL | Kicker Control

Kicker Device Server

Jsvn/XFEL/Kicker/KickerOp_XFEL_Inj1.xml XFEL.SDIAG///

KickerOp XFEL Injector1 Prink
. . Trigger-Sperre (High-Level-Control) Trigger-Sperre (High-Level-Control) Trigger-Sperre (High-Level-Control)
Kleer Mlddle Layer KAX.54.11 KAX.55.11 KAX.56.11 KAX.57.11
Netz  Ein . Aus Netz  Ein . Aus Netz  Ein . Aus Netz  Ein [ Aus
Se rve r Hv En | ] Aus v En | ] Aus Hv En | ] Aus WV Ein | O] Aus
Uberstrom . Reset Uberstrom . Reset Uberstrom . Reset Oberstrom | | Reset
Kurzschliesser || Kurzschiiesser || Kurzschliesser || Kurzschiiesser [ |
Tiirschalter || Tiirschalter || Tirrschalter || Tiirschalter
| F utu re T D S S u p po rt sv-Netzteil [ | SV-Netzteil || sV-Netzteil || sv-Netzteil [
Lifter24v || [ Fern Liter24v [ | [T Fern Lifter2av | |  [I] Fern Lurterzav [ | [T Fern
Halbleiter-Schalter || Halbleiter-Schalter || Halbleiter-Schalter Halbleiter-Schalter
Tri rfre rfreq. Ti rfreq Triggerfreq. |
Interiock [
Interlock [ | u

I Facility Filter Device Filter Location Filter Properties Filter filtered |l . Read = File SD5411.3

©)]

XFEL SDIAG ﬂ KIGKER CONTROL vlsan  |+|sTATUS v | Refresh Table Show Value 5000 01U
FELCPUSD5411_SVR XFEL SDIAGIKICKER CONTROL/54 | ype 50002 Vv

kicker operational 0.0 mA

"10. Okt. 2016 08:43:03.000" 147608... Py @ E HVerlaubt
“10. Okt. 2016 08:43:03.0007 147608... g O O HVein
000000 192.168.170.233

1 [XFEL.SDIAG/KICKER.CONTROL/XFE...
0

SPECIAL_BUMNCHES ML
BAM
BAM.OPTICAL_AMPLIFIER
HOLDDMA

HOLDSCOPE
EQD.OPTICAL AHPLIFIER

I auf Bunchpattern1

SD5411/RTM.TRG4
kicker trigger KAX57.11

EIFIEBREEEE

EQD.SDM F'O'.“.'ER SUPPLY L

D3S.5DM_POWER_SUPPLY ! g setthe |0800.01.00.0
CRD.ADC _CALL. / ull n KFEL.DIAGITIMER.CENTRALIMASTE...
BAM.SDM_CONTROLLER BUNCH_PATTERN from mastertiming(00000000000000000000 ..
full  [XFEL.DIAG/TIMER.CENTRAL/MASTE...

[=]

AR

ion ofthe |S158300DMA/SD5411.0

0
KFEL.SDIAG/SIS8300DMASDS411.0/...
108.33333
KFEL.SDIAG/SIS8300DMAISDE4I1.0/... 1500 155D“
I ssvoskiter
DOOCS hosts= xfelcpusd54i1 lib = 610490136 ( server_mask = 2 auth_mask = 0 options = 0 status =0)
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Emittance Measurements at the European XFEL

European

XFEL | Beam Profile Server

Used by the on-axis emittance measurement tool

Abstract layer to unify screen and wire profile measurements

Automatic screen and wire mover control

Images and results are stored on a web server to be analysed by

various tools

Facility Filter Device Filter

LASER.PICOMOTOR
LASER.BEAMPOSITION
LASER.SENSORBOARD
GUN.SOLENOIDMOVER
CHARGE.CALC
BPMDAMCZ CTRL
ADIO24
EMERGY_PROFILE
KICKER.ADC
OTR.MOTOR
OTR.RESET
CHARGE.ML

DOOCS hosts= xfelml!1 lib = 610489943 { server_mask =

LASER.BEAMSTABILISATION

Location Filter

XFEL DIAG ﬂ EAMPROFILE ﬂ OTRC.56.11 '+ [pEVICE INFO v |

- SysMask Filter

2 auth_mask = 0 options = 0 status = 0)

filtered [l
sorted

Properties Filter

EL.DIAG/BEAMPROFILE/OT!
GET.FINISHED Returns 1ifa

_
= rpc_testaml XFEL.DIAG/BEAMPROFILE/OTRC.56.11/ R
Read > File
Show All Locations
Refresh Table Show Value

]

GET.IMAGE_SOURCE Address of the

KFEL.DIAGICAMERAIOTRC.56.11/IMA...

GET.MEASUREMENT_ID ID of last or

2016-07-24T051108-0TR.55-59.11

GET.STATESTRING State of the

FINISHED

GET.TEST_AVAIL Result of Availability

0

GET. X AMPLITUDE X Amplitude of last

25.382355

GETXAMPLITUDE_ERR Sid.

0.3491165

GET X.CHI X Square of sum of

0.0

GET.X.CHI_SQ_MEAN X Mean chi

0.0

GET.X.MEAN X Position in pixels of last

786.91125

GET.X.MEAN_ERR S5td. Deviation of X

1.1388401

GET.X.OFFSET X Offse

0.035772188

eviation of

0.0023750823

9.045041

GET.X.SIGMA_ERR Std. Deviation of X

0.059374075

GET.X.SIGMA_UM X Sigma in um of

12427395

GET.X.SIGMA_UM_ERR 5td. Deviation

0.0

GET.X.STATUS X Fit status (0=0K)

0.0

GET.X.STATUS_STRING X Fit Status

GET.Y. AMPLITUDE Y Amplitude of last

24108028

GET.YAMPLITUDE_ERR Sid.

0.08580362

GET.Y.CHI Y Square root of sum of

0.0

GET.Y.CHI_SQ_MEAN Y Mean chi

0.0

Emittance Measurements at the European XFEL, DESY Zeuthen, 11.10.16
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European

Emittance Measurements at the European XFEL

XFEL | Image Analysis Server

Running on Camera Server Hardware
= Efficient ZMQ data exchange with camera server

Rescaling of image size (more on next slide)
“Noisecut” on the projected profiles for RMS analysis
Only results no images are transported to the user client
Slice analysis with 10Hz to be used for online slice measurements

a OTRC.55.11 <
ROl Analysis
' Slice Analysis Enabled
Direction | Vertical
Use Slice Width in | Sigma
Slice Width in Pixel 27
Slice Width in Sigma 0.1

Number of Slices 50

oo

XFEL.DIAG w |CAMERA

w |OTRC.55.11

ng
(Camera ID: 21Basler avA2300-25gmDSY#00305313C...

e

-

Sensorboard |w| 530 °¢

Online

Guru |
Back
XFEL DIAG/CAMERA/OTRC 55 11/

Camera Connection Params

Server  [w]Power 3
Server D W: 2360

Camera ‘WD Server Timer Properties Print

Trigger
Acquisiton def=offf  Frame

Off - On

Src |Line1 w| Src |Linel

Rate [Hz]: 100 assann

H: 1776

Activation
w | |RisingEdge

-

Gain
— Auto |Off

Select All

Value 2116

Images
V| Start/ Stop

Frame
5106

Scale X/Y
¥| _XScale
v| _Y Scale

image comp. jpeg
oMt 1v] p;
rotation: SH
90 ~| v
Tool Box
BG. Subst.
Histogram
X & Y Spectrum
ROI 1 ROI 2
Write Images
Write ROls
DAQ

Sender: OFF

OTRC.55.11/ANALYSIS.SLICES.GAUSS_SIGMA
225

20.+
17.5+
15.4
12.5—
10.

e 70

2.5

-10.

2‘]. 3‘]. 4‘]. 50.

> @ TD:XFEL.DIAG/IMAGEANALYSIS/OTRC.55.11/ANALYSL...
OTRC.55.11/ANALYSIS.SLICES.GAUSS_AMPLITUDE
0.35

26. 36. 46. 50,
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Emittance Measurements at the European XFEL

European

XFEL | Image Analysis Server Il

Fast processing optimisation

= ROl is selected based on a Gaussian fit on a downscaled image
(typically factor 10 in each dimension — 100x smaller image)

= ROl is then selected and scaled to a maximum size (typically 300px)
= Analysis in Scaled ROI Com parison

Faster analysis without sacrificing accuracy e — 51 S
Scale Factor 1 1 264219
Width 2330 797 258
Height 1750 772 297
TCreate 74616 1.859
TConv 19.889 3687 0.215
Tproj 52.194 6.924 0.282
TGauss 5.758 3.219 1.037
Trmsl 0.139 0.057 0.025
Trms2 0.26 0.126 0.072
Krms1 443246 39.2784 38.8938
. - . > I Xrms2 421834 39.3634 384111
¥rms1 83.8946 81.2801 81.345
Yrms2 83.1235 81325 81.4492
Xsigma 433999 433153 43.3627
¥Sigma 235893 22.7966 22,8107
Orig. ROI Analysis of whole image ca. B0ms
Analysis of ROI (ROI) ca. 100ms
Analyse of ROl with Scaling ca. 3.5ms
Orig. Image 2330x1750 Scaled Image Scaled ROI J. W||gen
Emittance Measurements at the European XFEL, DESY Zeuthen, 11.10.16 A0\ weLmnoLTz
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Emittance Measurements at the European XFEL

European

XFEL | Emittance Measurement Procedure

injector beatn aptics matching

Start with on-axis measurements for initial AN o
beam matching (about 20 minutes) 3 TR e
(only after long downtime or major parameter R _
change — otherwise sequencer files are good) |

Off-axis projected measurements to confirm |

match, kicker status and strength, and orbit
(typically stable and reproducible)
(normally less then 5 min.)

Adjustments and parameter scan if beam
quality is not sufficient
(variable depending on shift goal)

ssssssss

TDS setup

(not standardised yet since the GEGENEE  LEEEEE
TSD system is work in progress) iﬁafi\n%i‘j-éwice

Slice emittance studies ma@ltchggb{%g\;e&gn |

Matching to individual bunches and slices .~~~
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Emittance Measurements at the European XFEL

earopean | MOtivation for Tomographic Reconstruction of

XFEL | the Transverse Phase Space

M. Réhrs, DESY-THESIS-2008-012

Advanced studies of phase space dynamics are
' possible with tomographic reconstruction.

0.1

&
¥

Example FLASH (without 3" harmonic module):

X [mrad]

Intensity [a.u.]

Plots a) and b) on the left hand side show the
reconstructed horizontal phase space distribution. The
. 5 i - . 0 P 4 0 1 measured slice emittances of this distribution could not
x [mm] x [mrad] % [ explain the achieved SASE pulse energy.

(a) (b)

=}

=

01F

t2

(3%

After reconstructing the phase space one was able to
identify a subset of particles mainly contributing to the

0.1 o | SASE process (Plots ¢) and d) ). The smaller
' : ' emittance of these particles was in line with the SASE

= 0.54
; pulse energy measurements.

x [mrad]
=]
Intensity [a.u.]

0 ‘ off crest phase = -7°
-0.1 0.1 2
_ 0 &
-1 0 | 2 ; -0.1 -1
X [mm)] x [mrad] x [mm]
(c) (d)

z' [mrad]

CSR effects led to the development of a “tail”
in the horizontal phase space. This dynamics
could be imaged with tomographic methods. -0.5 0 0.5 1 15

z [mm]

F. Lohl, DESY-THESIS 2005-014
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Emittance Measurements at the European XFEL

European

XFEL | Phase Space Tomography

Recovery of density functions based on projections

For an arbitrary density function (e.g. complicated internal structure)
a high number of projections is required

Distributions with little internal structure (e.g. electron beam phase
spaces) results can be improved by the maximum entropy algorithm
(MENT)

SITZUNG VOM 30. APRIL 1917.

ToOMOGARAPHIC
PROJECTION

Uber die Bestimmung von Funktionen durch ihre
Integralwerte lings gewisser Mannigfaltigkeiten.

Von
Jonaxxs Bapox,

Integriert man eine geeigmsten Regularititsbedingungen unter-
worfene Funktion zweier Verinderlichen x, y — eine Punddfankfion
f{F) in der Ebene — lings emer beliehigen Geraden g, so erhilt
msn in den Integralwerten Fig) eine Geradenfunktion. Dias in Ab-
sehnitt A vorliegender Abhandlung geliiste Problem ist die Um-
kehrung dieser linearen Funktionaltransformation, d. b. es werden
folgende Fragen beantwortet: kann jede, geeigneten Regularitits-
hedingungen geniigende Geradenfunktion anf diese Weise entstanden
gedacht werden? Wenn ja, ist dann f dorch F eindentig bestimmt
nnd wie kann es ermittelt werden?
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I - Emittance Measurements at the European XFEL

European
XFpEL Tomography — Radon Transform

Radon Transform: Plo.2) - / o (x.y) dy
o xeosfysinf=x,

“Sinogram” e
= / ;Q)a O —y sinf, x, sinfl +y cosf@) Dy,
o —o

Cacos 0+ ysin b= x,

can be replaced by beam

74 - b transport matrix
P(0.w /1”[(} x,) e TEe T g
— o
_..-"S / /;)ff cosl — y, sinf, x,sinf + y, cosf) e 2<% da dy,
—Do—00
— Flweosl, wsinf)
\ bt .
/‘ Inverse Radon Transform:
/ . pla. y) / /}_fu v) el dy do
. —Do—0C
y | _ du  du
== / /j'_[_w'('()?':\[(}. w sin ) et FErtlrcos Ohywsind)) ::2 :;? dw df

o

2w (rw cos O4yw sin ) o e df

Integral O to 180 deg can only be
approximated by finite number of
0> £ weLmnoLTz

projections '
. v Veu/ | ASSOCIATION

Emittance Measurements at the European XFEL, DESY Zeuthen, 11.10.16
Bolko Beutner, DESY Hamburg




Emittance Measurements at the European XFEL

European

XFEL ] Reconstruction — Filtered Back-Projection

original ojections [ jections

08 06 04

10 projections 20 projections 40 projections
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1 Emittance Measurements at the European XFEL

European

XFEL | Maximum Entropy Algorithm

Maximum entropy condition enforces minimum structure
without additional boundary conditions

Each polygon defined by the projections and the transfer
matrices is assigned a constant value in an iterative
procedure using a Gauss-Seidel algorithm yA

=By

A0 '- '
F A-.;]\..__ I et '\ s 5 6 7

7 Entropy: .
o H= / —f(w,y) - In(f(x,y)) de dy \ Ny =8
D

G. N. Minerbo, MENT: A Mazimum Entropy

0 0.1 02 0.3 0.4 . .
Algorithm for reconstructing a source from pro-
J. J. Scheins € jection data, Comp. Graphics Image Proc. 48
(1979).
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Emittance Measurements at the European XFEL

European

XFEL | Example — MENT on Gaussian Distributions

MENT gives reasonable agreement for much less
projections then “filtered back-projection”

Few iterations required (typically 5 for XFEL studies)

Initial Distribution

o(z) [%]

2.5

1.5

| | | | | | | | | | | | | | | | |
0 10 20 30 40
iteration cycles

J. J. Scheins
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Emittance Measurements at the European XFEL

European

XFEL

Thank You for Your Attention!
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