Virtual Pepper-Pot Experiment:
method status and filters
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Virtual pepper pot

“The 4D beam phase space information is extremely important

* Pepper pot mask for the characterization of nonround beams.”
« 4D transverse beam matrix D. Marx et. al., DOI: 10.1103/PhysRevAccelBeams.21.102802
* 4D phase space and emittance
. Transverse correlations <xx > (xpx > (xv) <xpy D rtrer formation:
+ Reasons g =[P} (Px) Qpx) (pwr) e oz
« Emittance optimization " <xy> <ypx> <yy> <ypy>
« Asymmetry compensation < xpy> < pxpy> ( ypy) ( pypy>

Courtesy:
D. Marx et. al.
DOI: 10.1103/PhysRevAccelBeams.21.102802

* Simulation model

e Studies of the cause

DESY. PITZ Page 2/20



Virtual pepper pot

“The 4D beam phase space information is extremely important

* Pepper pot mask

for the characterization of nonround beams.”

Further information:

M.Krasilnikov, PPS, 21.04.2009,
On an estimation of x-y correlation from slit scans

« 4D transverse beam matrix D. Marx et. al., DOI: 10.1103/PhysRevAccelBeams.21.102802
* 4D phase space and emittance
« Transverse correlations (o) Qx) () (o)
« Reasons . <xpx> <pxpx> <ypx> <PXPJ7>
« Emittance optimization " <xy> <ypx> <yy> <ypy>
« Asymmetry compensation < xpy> < pxpy> < ypy) ( pypy>

« Simulation model
« Studies of the cause
« Virtual pepper pot at PITZ
» Pepper pot mask — difficult manufacture
» Virtual pepper pot: from slit scan
« XandY scan beamlets crossing

« Asymmetric beam and structures

DESY. PITZ
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VPP code layout

Fastscan frames
EMSY images BC images Load Fitting Phase space 4D phase space
Inintial setup Load Load Slit position selection EMSY projection & SoP Slit position | Crossing X-Y beamlets
Code parameters Process (Filter) Process (Filter) Process (Filter) Extrapolate/Interpolate Frames projection VPP reconstruction
Get projections Get MOI and ROI Get sum of pixels (SoP) Optimisation (Simplex/Swarm)l Reconstruction 4D PS matrix
Get projections

"Nmse_—free" "Noise-free" "Noise-free" Synchronising: Transverse
beam image beam image beamlet frames -beam position emittance
at EMSY at beamlet -EMSY position
- collector -slit position
Beam position
Beam size Beamn position
at EMSY Beam size
at BC

« Green — (nearly) complete
* Yellow — in development

« Gray — not started M.Krasilnikov, PPS, 13.10.2011, |
Phase space reconstruction from the slit scan data

Further information:
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Methods for noise filtering (1)

* Motivation — overall low SNR

Low beamlet charge

Small charge beam structures ‘/%[

Limited number of pulses - - i

Camera gain — electronic noise

Noise filtering preceding any analysis

» Three applicable filters selected

* General similarities

Utilize average (and RMS) images
Separate signal from background
<s> = <v> - <p> - sigma
Pixel-wise mask of interest (MOI)

Values outside of MOI to zero

DESY. PITZ

Further information:

R.Niemczyk, PPS, 13.03.2018,
Progress towards slice emittance measurements at PITZ

H.Huck, PPS, 12.04.2018,
Image Filtering for PITZ

G. Vashchenko, A. Shapovalov, PPS, 10.01.2013,
Image analysis in emcalc2
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Methods for noise filtering (2)

o Image averaging of 10 images
Emcalc Averaging o N Removing shape
- Widely used at DESY ¥ H B
Average subtract 10 background
. " : : Background images @vcm
Initial MOI from signal above 3 times /0. oo

background RMS image $ EEEEEE B

Convolution  with 2D-Gaus g,

« 3 rounds of removing and restoring 3 Int’ ”‘r\ Restoring shape
* L-shape or closest neighbors Noise cut N Ggacigrouna(X.¥) ,[\ \\ Courtesy: G. Vashchenko, A. Shapovalov
$ |b\w,; .,»u V EEE
* Holger Huck fs_t Mask of Courtesy: R.Niemczyk = "N Removing
. . Int t :
« Gaussian blurred image above e EEE and restoring
fraction t of background RMS image
« MOI from largest value area(s) u . .
Further information:
« SNR and median | 1 | B
o . . R.Niemczyk, PPS, 13.03.2018,
* Initial MOI from plXGl-WISG SNR + . Progress towards slice emittance measurements at PITZ
+ Median filter on MOI N
H.Huck, PPS, 12.04.2018,
- Salt-and-pepper noise removal " = = EnE = Image Filtering for PITZ
. G. Vashchenko, A. Shapovalov, PPS, 10.01.2013,
* SmOOthmg + . = Image analysis in emcalc2
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Methods for noise filtering (3)

DESY. PITZ

Lower intensity / Central to halo

fs t (H Huck)

emcalc (L. Staykov) SNR + median (G. Georg|ev)

F - - I = - = O = = = . . = - = = = . F B = = = = = = O O O O O = .
raw (with noise) 1_0.2 f2_0.5 f4 1 . emcalc (L) emcalc (N) 1 1SNR>0 5x5 SNR>0 15x15 SNR>1 5)\{5I
300 300I 300 300 1 3000 300 ! 300l . 300 300 !
[ ] 1 1 _ 1 | i
| 1 1 [ | | 1
400 400| 400 400 1 OUI 400 g 400y 400 400 1
1 240 200 240 200 24P 1 200 240 200 24p g 200 240 200 240 200 24p
raw (mth ncuse) ] f1_0 2 f4_1 . 2 emcalc (L) emcalc (N) 5 1 SNR>0 5x5 SNR>0 15x15 SNR>1 5)\{5I
| 1 [ | L. 1

300 300 3008 300 300 | 300 300
“ L Z2RE AWE R Wi ® » |
I ; 1 1 | 1 ' i
4OU| 400 400 1 400. 400 § 4008 400 400 0
200 250 200 250 ] %00 250 200 250 § 200 250 200 250 200 250 0
raw (WIth n0|se) | f1 0 2 f2_0.5 fa4_1 1y emcalc (L) emcalc (N) g 1SNR>0 5x5 SNR>0 15x15 SNR>1 5)(5.
300 300 a 300" 300 300 - 300 300 - !
» e = | - @ -
1 g " I
400I 400 400 1 4{)0I 400 1 4001 400 400 i
1220 220 260 220 260 g l220 260 220 260 m  W220 260 220 260 220 260
raw (mth ncuse) 1 f1_0.2 f2_0.5 f4_1 - 1 emcalc (L) emcalc (N) g 1SNR>0 5x5 SNR>0 15x15 SNR>1 5)\{5I
300 SOOI 300 300 i 300" 300 ' 300l : 300 300 '
I .S’_ ® L, (el B - <y
I 1 1 | 1 = i
400 4000 400 400 1 4{)0l 400 1 4001 400 400 1
250 300 0§ 250 300 250 300 250 309 1 I 250 300 309
raw (with noise) 1§ f1_0.2 f2_0.5 fa_1 1 g emcalc {L) emcalc (N) 1 |SNR>0 5x5 SNR>0 15x15 SNR>1 5x5 g
|

300 300 300 300 ¥ 3008 !
1 ..? I l - i
| * i
400 4001 400 400 1 400. | 400I i
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Fastscan filtering results (1)

* Fastscan scan method

1. Take many background images

. . Further information:
2. Move slit at constant velocity
L.Staykov, PPS, 10.06.2008,

3. Capture video of screen EMWiz toward AutoME, upgrade of

350

300

the automated measurement procedure

« Single frame for each slit position
*  Quick measurement, but no averaging
* H.H. filters are upper envelope
* Emcalc with closest neighbors is lower envelope
 Therestin between
» 0Odd shape features preserved in all
« SNR>1 filter and Emcalc with L-shape overlap

At SNR>0 no difference beteween 5x5 and 15x15
median
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100
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Comparison for fastscan
T T

emcalc N
emcalc L
snr>0 5x5

snr>1 5x5
—f2 05
—f4_1
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Fastscan filtering results (2)

Position and size

Comparison for fastscan

Comparison for fastscan

300 T T T T T T T T
15 Many stray noise pixels I
280 H emcalc N i in snr>0 and 5x5 median emcalc N
emcalc L / emcalc L
260 | snr>0 5x5 i snr>0 5x5
| snr>0 15x15 snr>0 15x15
£ 240 I snr>15x5 | | o | snr>1 5x5
S | f2 0.5 10 i:\%gﬂ_cantly irregular —1f2. 05
7] | %) B size - A
Sa0ll 4_1 2 —f4_1
% <
‘.0_.). L — -
= 200 I5 n
$ 150 1 5 A
S @ '{' ~ 1
(D 5 | | & ‘. ¥
= 160 | : h, [
" \Jf i
140 1 1N
|| J‘
120 i i’ v < emcalc neighbours
f - emcalc L-shape )
P ) snr>1, 5x5 median L
100 1 1 1 1 1 1 1 1 0 I 1 I 1 1 1 1 ALY Y
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160
Frame # Frame #
Visible noise caused spikes, outer region in noise dominated.
SNR>1 filter outperforms Emcalc filter.
DESY. PITZ
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Fastscan filtering results (3)

Position close-up

Comparison for fastscan

Mean beamlet X position

170

160

-
(&)}
o

-
=N
o

130

120

emcalc

neighbours

« ".: \t
g

Comparison for fastscan

emcalc N
emcalc L
snr>0 5x5

< snr>0 15x15

~  snr>15x5
—f2.0.5

+ f4 1

\
Y

(:,‘J:, Single intense
B2 .
i -, _noise peak

R, O™
Rk
O

g O o

emcalc
L-shape

%é\lj / \
‘ 1
: }

120

130 140
Frame #

X-ray filter was not applied — needed for f2_0.5.

TLJr\ emcalc N
J N+ emcalc L
290 1 ¥ qL-——\t snr>1, snr>0 5x5 | |
‘ T Y 5x5 median o snr>0 15x15
c + I © snr>15x5
:_g 280 v \1 . f2_05 .
8 | + f4 1
8 | A + -
X :*Tﬁ¢ +0
5270 RS -
g i \ ’ %¥?$fmﬁ
3 ‘ L Ntt”
= \ZE T
- 5L i
= ‘ ‘ | ‘“\\k_j#g,
n Y%& \
250 + ‘ Two close | ‘ “\ * £
noise peaks ‘ | ' \Lf} ”
| K '
‘ | | emcalc
240 ¢ . : A . , : Lsshape |,
5 10 15 20 25 30 35 40 45
Frame #
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Solenoid scan filtering results (1)

» Change main solenoid current and focusing

« Significant changes in beam size 200 | Comparison for solenoid scan |
« Significant changes in peak intensity emcalc N
 Beam position does not change 00r o s |
« Integrated beam current does not change 300 f | ::E? ;i’;w -
Filters must preserve summed charge and intensity! ssol +;i—?-5 |
« f2 0.5is upper envelope % )
. Preserves most charge é 200 b e Al AN 1
«  Not end-to-end " 50| - , |
« Emcalc N (and SNR>1 filter) is lower envelope 100l ] ______ g_’lt_e_g;grim_e_n_t __________________________________ |
« Worst charge preservation
« Single image strange results (next slide) 2l _
«  Few filters not influenced %o 270 380 390 400 410

Solenoid current [A]
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Solenoid scan filtering results (2)

Change main solenoid current and focusing

« Significant changes in beam size

« Significant changes in peak intensity
« Beam position does not change
* Integrated beam current does not change
Filters must preserve summed charge and intensity!
f2_0.5 is upper envelope

* Preserves most charge

* Not end-to-end

Emcalc N (and SNR>1 filter) is lower envelope
« Worst charge preservation

Single image strange results (next slide)

 Few filters not influenced

With square MOI before filtering

Comparison for solenoid scan
T T T T

400

350 -

Total charge
N N w
(@] Ul o
o o o

=
192
o

100 [

emcalc N
emcalc L
snr>0 5x5

—¥—snr>1 5x5
f2_0.5
—k—f4_1

snr>0 15x15

350 360 370 380 390 400
Solenoid current [A]

More noise included in larger area? Noise subtraction underestimation.?
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Solenoid scan filtering results (3)

Comparison for solenoid scan
T T T T

120 . .
—emcalc N
emcalc L
Raw average Bg average 100 + snr>0 5x5 4
: snr>0 15x15
100 100 100 | snr>1 5x5
' 80 | 205 |
20@ - - " B emcal¢ L-shape - 4_1
i = snr>1, 5x5 median
: o - -
300 300 300 | b 60 - emcalc neighbours _ |
: £ Measurement
400 400 400 | 2 _ at372A
1 40 : \ .
500 500 500 |
600, 600 600 |
' 20 .
“' 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
0 — ;
340 350 360 370 380 390 400 410

Solenoid current [A]

Mask of interest must be applied before automated MOI from each filter!
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Solenoid scan filtering results (4)

Comparison for solenoid scan
T T T T

280‘
260
240
220
200

180

160

emcalc N
emcalc L
snr>0 5x5
snr>0 15x15
snr>1 5x5
2 _0.5
—f4_1

340
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390 400
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Comparison for solenoid scan
T T T T

45 T T
—*¥—emcalc N
40 + emcalc L .
snr>0 5x5
L snr>0 15x15| |
35 snr>1 5x5
—k—f2_0.5
30 —k—f4_1 7
25 ¢ .
20 - .
15 .
10 .
>
5 _ .
O% | 1 1 | | 1
340 350 360 370 380 390 400

Solenoid current [A]

SNR>1 filter does not outperform Emcalc filter.
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R.N. scan filtering results (1)

» Raffael Niemczyk scan procedure
* Currently in development
Full beam MOI included

At each slit position

1. Take 10 images with beam

2. Take 10 background images

Slow measurement, but averaging possible

Data from TDS slit scan
 H.H. filters are upper envelope
« SNR>1 filter is lower envelope

» Single odd drop, unknown cause

DESY. PITZ
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R.N. scan filtering results (2)

Position and size

Comparison for R.N. slitscan

300 T .
emcalc N
290 emcalc L ]
snr>0 5x5
280 snr>0 15x15|
snr>1 5x5
8 270 F 205 ]
7 f4 1
g
E 260 B N
e
©
2 250 .
C
@©
S 240 :
230 .
220 -
210 1 1 1 1 1 1
0 5 10 15 20 25 30
Slit position #
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35

Beamlet RMS size

16
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10

Comparison for R.N. slitscan

emcalc N
emcalc L .
snr>0 5x5
snr>0 15x15
snr>1 5x5
f2 0.5

f4 1

10 15 20 25
Slit position #

No visible noise spikes. Consistent performance about end to end.

30 35
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Noise filters summary

* General MOI must be applied before noise filter
» Automatic MOI from filter on full beam (when available)
* Averaging of images: important
» Filter performance depends on experiment
* H. Huck fs_t filter more sensitive, comparably robust
» Most suitable for small low intensity beamlets
« Similar performance of SNR>1 with 5x5 median and Emcalc
+  SNR>1 with median more robust
* Further study
* More data sets
» Different parameters

* Replacing median filter

DESY. PITZ
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Fitting

» Slice charge ~ EMSY projection at slit position
» Expected: SoP matches EMSY projection

» Slit position offset and intensity scale difference

« Charge cut

« Weak signal not detected

 Tails cut or zero level difference

« Simplex (only for X) or particle swarm optimization

Fiter | Tail cut(X/Y) % | Level cut (X/Y) %

f2 0.5 0.03/1.96 0.97/15.8
f4 1 0.97/1.76 8.51/14.7
SNR > 0 & 5x5 median 2.47 /2.23 13.9/18.0
SNR > 1 & 5x5 median 5.00/ 2.03 19.1/17.7
emcalc L-shape 5.72 ] 2.61 20.8/20.7
emcalc neighbours 7.58 /247 25.8/19.9
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Phase space reconstruction

» Slit position — beamlet position
« Beamlet projection — angular distribution

* Matching of position and angle . Ax

Further information: L

A
A

M.Krasilnikov, PPS, 13.10.2011,
Phase space reconstruction from the slit scan data Emcalc3 reference values

Enonscaled=0.780 [mm mrad]
€scaled=1.130 [Mmm mrad]

w Nonscaled emittance X [mm mrad]

f2 0.5 1.7180
f4 1 1.2315
SNR > 0 & 5x5 median 1.1183
SNR > 1 & 5x5 median 0.8149
emcalc L-shape 0.8229

X Phase Space Image

Preliminary

Y phase space:
Work in progress

X' [rad]
o A W N - o 4L N b b
X

emcalc neighbours 0.6840 . 0 1

X [mm]
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Conclusion

» Virtual pepper pot experiment for PITZ
* 4D transverse beam studies
« Slit scan measurements
« Status
» Phase space reconstruction (only X at the moment)
* Next steps
* X-Y beamlets crossing
* 4D transverse beam matrix
* 4D transverse emittance
* Noise filtering
» Sensitivity against robustness
* H.Huck filter most suitable

* Further studies
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Signal to noise ration in SNR filter

<s> = <y> - <b>

<g'>=<y>-<p’>

SNR=<s>/<b>=<s>/<pb'>= (<v> - <b’>) /| <b’>
MOI = (<v>- (SNR+1) *<b’>)/ <b’> > 0O
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