Deciphering”ﬁ* -
with autoenco

Gesa Goetzke — FLASH Photon Diagnostics

Longitudinal photon diagnostics Workshop

Gesa Goetzke!, Rajan Plumley?, Felix Moller®, Thorsten Otto?, Daniel Ratner?,
Joshua Turner?, Stefan Dusterer', Gregor Hartmann?

! Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
2 SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
3 Helmholtz-Zentrum Berlin fir Materialien und Energie GmbH, Berlin, German

P> NATIONAL
l A-o ACCELERATOR
B NN\ | /BORATORY

Zentrum Berlin



Pulse length diagnostics

Xseed FLASH1 [Photon
5 Diagnostics

Fixed Gap Undulators

RF Gun Bunch Compressors
Lasers
5 MeV 150 MeV 550 MeV 1350 MeV

FLASHForwarg e Sigoarn
FEL Experiments

315 m

- We want photon pulse length information.

- We analyze the energy of the electrons that created this photon
pulse.

HELMHOLTZ



Obtaining power profiles

Few-femtosecond time-resolved measurements of X-

lasing off reference

ray free-electron lasers % ©
Nature Communications 5, Article number: 3762 (2014) ‘ Cite this article 2
* to get a power profile you have to compare =00 Zoo T
lasing on images with the matching lasing off _ _
. lasing on image
Images.
* you can compare the center of mass or the .
energy spread. =
Com: P=AF-TI/e
: 2/3( .2 2 " sem e &
Spread: P o« I*/3(0%, ., — 0% o5 5)
Dipole/,XUV
& — Screen
_--—""/ ns
e_
TDS / energy
HELN — fime >
SASE undulators

200

200



Polarix and THz streaking

Lasing on
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Polarix and THz streaking

THz streaking

- THz pulses are much broader

power in AU
o
Ul
o

0.00 - - This has to do with the long THz streaking ramp
° Ti;g?n fs400 - For better comparison of the pulse shapes:
— convolve the Polarix profiles with

Polarix the THz streaking instrument function

5 — COM
. 4 RMS
(O]
£ 37
B
o
e j&

N A

0 200 400

Timein fs
HELMHOLTZ



Polarix and THz streaking

THz streaking

power in AU
o
Ul
o

0.25 1
0.00 A
0 200 400
Polarix
5 1 — COM
— RMS
= 4
O
c 31
$ 21
3
1_
0_

0 200 400

HELMHOLTZ

COM
(energy loss)
1.00 -
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c
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0.00

intensity in AU

0 200 400

RMS
(energy spread)

1.00 A
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Challenges in TDS analysis

Finding matching lasing off references
Lasing on Lasing off diff

Finding the ‘perfect’ reference:

Energy

Energy

Isolating the signal /
matching in Xx:

Energy

Matching in y:

time

time

HELMHOLTZ time



How to adress those challenges

“for foundational discoveries and inventions that

enable machine learning with artificial neural networks” / /( ,

N WAL
3 b D CCC
g\ ¥ AR
‘lw ol
1% 7 AL (€
t F ! SV

| AR )
\NGEEL £

“for protein structure prediction”

Machine learning is really good in pattern recognition,
and with handling of large datasets.

HELMHOLTZ



How to adress those challenges

“for foundational discoveries and inventions that

enable machine learning with artificial neural networks”

“for protein structure prediction”

@ Write a sentence that contains the letter G exactly three times.

GPT4 omni

Sure! Here is a sentence that contains the letter G exactly three
times: “Theﬂentle breeze was ﬁlidinﬁ throu&h theﬁrden.“

But sometimes fail in most basic tasks

You should never blindly trust them.

HELMHOLTZ



Two projects with XTCAV and machine

learnin
’ SLAG
R N fABglriA%LYR

@FLASH (DESY) @LCLS (SLAC)

With Rajan Plumley, Daniel Ratner, Joshua Turner

- SASE
- strong lasing - self seeded |
signal - emittence spoiling foll

- very weak lasing signal

0

Lo 3 200
g <
< (V)] 150
o 20 i
é ©
5 30 ? 100
v Q
o 40 c 50
50 0

0 100 200

0 50 100 150 200 _ .
time axis in px

time axis in px
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SASE Data from FLASH

* Electron energy distribution changes from
shot to shot.

* We want a method that can learn lasing off
representations and can interpolate
between them.

* We want a method that can solve the x,y
matching problem for us.

Beta-Variational
Convolutional Autoencoders

HELMHOLTZ

Delta E in MeV

Delta E in MeV

lasing on image

—200 o 200

Time in fs

classical approach

ﬁ

—400

—200 0 200
time in fs

o«=<>



Autoencoder

measured
diagnostic data o 50 100 13 200

00000 Q Q0 0O 0O 0O 00000000 time axis in px

neural network
encoder

training

without QL Q00D . '

a priori ‘ low-dimensional | 1230.32-0.85
knowledge efee representation

neural network
decoder

OheRonone

reconstructed
diagnostic data

energy axis in px

HELMHOLTZ

0 50 100 150 200
time axis in px
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B variational autoencoder

=
[=

N
o

energy axis in px
w
o

H
o

measured

diagnostic data
000000000 000000000

w
o

0 50 100 150 200
time axis in px

neural network

e encoder
ogegogeopones ol el eh o
training
without ACHCRSRC A
o M , :
a priori sample " — low-dimensional
knowledge (000 znodes | op acentation

O.0 00000000
e neural network

decoder

SgegegegogegefiofoficheRchonchononone

reconstructed
diagnostic data

energy axis in px

0 50 100 150 200
time axis in px

DESY.

B-VAE: LEARNING BASIC VISUAL CONCEPTS WITH A
CONSTRAINED VARIATIONAL FRAMEWORK

s Lerchner
Google DeepMind
{irinah, lmatthey, arkap,cpburgess,glorotx,
botvinick, shakir, lerchner}@google.com

Irina Higgins, Loic Matthey, Arka Pal, Christopher Burgess, Xavier Glorot,
Matthew Botvinick, Shakir Mo 3 AL k) ‘ I

Google DeepMind

Unsupervised real-world knowledge extraction via
disentangled variational autoencoders for photon
diagnostics

Gregor Hartmann &9, Gesa Goetzke, Stefan Diisterer, Peter Feuer-Forson, Fabiano Lever, David Meier,

Scientific Reports 12, Article number: 20783 (2022) | Cite this article

13




Convolutional pB-Variational Autoencoder

1x1820

1x311
1x54x236 Bx50x232

20w12x73
20x4x24
‘\f’:’ $ Bx16x77
— =
—. =I|:|
I ]
— . .r. ) I:II‘:I:I
n & ==
Convalution o e =
(5x5) g ==
Max-Pool )
(3x3) Convolution
(5x5) Max-Pool
(3x3)

decoder is mirrored

HELMHOLTZ
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Some reconstructions

Input image Reconstruction

0 1 1
| — . —
50 0 0
0

, 0.25 0.25
N~ I — I

HELMHOLTZ ‘©°



Detect the lasing node

Q
3
o

N

reconstructed
diagnostic data

o

N
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/
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// 5 0
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/ 5 0
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/
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measured /
. . /
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0.0.0.0.0 0000000000000 /
/ -5
neural network // 5 0
encoder /
/ "
/ ; °
/'/ 0
low-dimensional Zs
representation - 0
neural network "
\\\\\\\\\ decoder 5 0
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POLARIX: Traversing the latent space

measured

diagnostic data
0,.0.0.00. 0000000000000

,,,,,,,,,,,,,, neural network

encoder
(egogogegegos o) e)e) el

gO00Q00
o H . )
sample low-dimensional

—
000 znodes | o5 esentation

neural network
-~ decoder

ogogogogolc OO NONORORCRCRCRORORONS]

reconstructed
diagnostic data
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POLARIX: Traversing the latent space

9 z0: reconstruction/ electron distribution

r
-
5]
=)
-
s
i
2]
th
3
3]
-1
v

-

z1: y coordinate
z2: lasing

z3: reconstruction/ electron distribution

iy

z4: electron pulse length

n

z5: glectron energy drop near head

o

z6: intensity in head

~

z7: electron pulse length

-0.10 0.10 -0.80 0.00 3.10 -0.80 0.40 0.90 —1.40 —1.00 z8: reconstruction/ electron distribution

wn

z9: electron pulse length and chirp

resize Char ztozero ztoIm

Status: | ready

reconstruction

0.5

04

0.3

0.2

01

0.0

zZ2to 19

Image:

Im17

such a nice figure

data

diff

=0.5
0.0 1
0.5 4
104
154
2.0
2.5 4
3.01

35

0.0003

0.0002

0.0001

0.0000

—0.0001

=0.000z

~0.000z
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POLARIX: Traversing the latent space

Zo z0: reconstruction/ electron distribution

3
3]
ra
3
vy
3
£
3
th
3
o
3
)
(2]
5
(2]
i)

z1:y coordinate
z2: lasing
z3: reconstruction/ electron distribution

z4: electron pulse length

wu

z5: electron energy drop near head
z6: intensity in head
z7: electron pulse length

-0.10 0.10 1.90 0.00 3.10 -0.80 0.40 0.90 -1.40 -1.00 z8: reconstruction/ electron distribution

z9: electron pulse length and chirp

resize Char Zto zero ZtoIm Z2t0 1.9 Image: | Im17 v

Status: | z2

such a nice figure

reconstruction data diff

10 0.6 03 0.003
0.0 1

0.8 05 05 | 0.002

06 0.4 10 P 0001

0.3 151 il 0.000

04 02 2.0 -0.001

02 01 251 | —0.002
3.0 1

00 0.0 3 ‘ T . T
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POLARIX: Traversing the latent space

Zn <1

-0.50 -1.80 -0.50
resize Char z to zero
Status: | ready

reconstruction

-2.60

ZtoIm

0.5

0.4

0.3

0.2

0.1

0.0

Is el 1 7 Ig g
1.70 1.40 —-0.30 -1.70 0.70
Z2to 1.9 Image: | Im05 v

such a nice figure

data
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intensity in head
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reconstruction/ electron distribution
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POLARIX: Traversing the latent space

-0.50 -1.80 -0.50
resize Char z to zero
Status: | ready

reconstruction

-2.60

ZtoIm
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such a nice figure
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POLARIX: Traversing the latent space

[ ]
Zp 21 Iz I3 4 Is Z6 7 g Zg z0: reconstruction/ electron distribution
z1:y coordinate
z2: lasing
z3: reconstruction/ electron distribution
z4: electron pulse length
z5: electron energy drop near head
76: intensity in head
z7: electron pulse length
-0.50 -1.80 -0.50 -2.60 -2.90 1.70 1.40 -0.30 -1.70 0.70 z8: reconstruction/ electron distribution
z9: electron pulse length and chirp
resize Char z to zero ztoIm z2t0 1.9 Image: | ImO05 v
Status: | ready
such a nice figure
reconstruction data diff
-0.5 0.0010
0.7
0.6 0.0
0.6
0.5 0.5+ 0.0005
0.5
1.0 -
04 > 1.5 0.0000
0.3 03 ' '
2.0 A
0.2 0.2
2.5 A —0.000%
0.1
01 3.0
0.0 0.0 35 T T T T —0.001(
0 1 2 3
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Traversing the latent space: web app

1) Permanent link, start it and 2) Just today, run it at my

grab a coffee personal computer at home

https://mybinder.org/v2/gh/ hitos:
ps://8f7c-2a02-3100-8b01-

G?etfﬁ_eglk.’lefﬁ\z’éEngo’ HEAD? 8900-6611-aedc-7c73-

urpath=vollazosrrender d7f0.ngrok-free.app

%2FvisLS_lowCompute.ipynb

You are about to visit:
8f7¢c-2a02-3100-8b01-8200-6611-aedc-7¢c73-d7f0.ngrok-free.app

« This website is served for free through ngrok.com.
* You should only visit this website if you trust whoever sent the link to you.
* Be careful about disclosing personal or financial information like passwords, phone numbers, or credit cards.

HELMHOLTZ



Correlation with the GMD

400 A
200
= 350
i=
w 300
= 150
o
a 250
b
= 200 100
[
= 150
<
100 50
i I | I i 1 0
50 100 150 200 250 300
gmd in yJ
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Two projects with XTCAV and machine

learning

@FLASH (DESY)

- SASE

- strong lasing

signal

0

]
o

energy axis in px

0

HELMHOLTZ

50

100 150
time axis in px

200

i NATIONAL
——= ——=="@ ACCELERATOR
e N LABORATORY

@LCLS (SLAC)

With Rajan Plumley, Daniel Ratner, Joshua Turner

- self seeded
- emittence spoiling foil
- very weak lasing signal

energy axis i
=
Ul o
o o

o

0 100 200
time axis in px




Requirements and Setup

Emittence spoiling foil

Unspoiled
emittance

< Dipole magnet
w .
cod
<
Uncompressed BRI B Compressed
electron bunch . electron bunch
~2 ps ~500 fs
—_—> e
-_— slotted foil PN |
' — e

(8.5 keV), known intensity ratio

By DS

Self-seeding

Gas
detector

Diamond Spectrometer
u1-uis Chicane, Ul6 u17-uz29 U30-U33 e~ dump
(60m) (3.2m) (52 m) (16 m)

Femtosecond profiling of shaped x-ray pulses
M C Hoffmann'®, 1 Grguras'®%3, C Behrens®, C Bostedt'*, ] Bozek'®, H Bromberger??,
R Coffee', ] T Costello’, L F DiMauro®, Y Ding' + show full auther list

Published 26 March 2018 * © 2018 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche
Physikalische Gesellschaft

New Journal of Physics, Volume 20, March 2018

HELMHOLTZ

Article | Published: 12 August 2012

Demonstration of self-seeding in a hard-X-ray free-
electron laser

J. Amann, W. Berg, V. Blank, F.-J. Decker, Y. Ding, P. Emma By, Feng, J. Frisch, D. Fritz, ). Hastings, Z.

Huang, J. Krzywinski, R. Lindberg, H. Loos, A. Lutman, H.-D. Nuhn, D. Ratner, J. Rzepiela, D. Shu, Yu.

Shwyd'ko, S. Spampinati, S. Stoupin, S. Terentyev, E. Trakhtenberg, ... D. Zhu | =+ Show authors

Nature Photeonics 6,693-698 (2012) ‘ Cite this article




Lasing on and lasing off examples

Lasing off Lasing on




Classical evaluation fails

Lasing on Lasing off Lasing on — Lasing off

0.0003
0.0002
0.0001

i ﬁ\s 0.0000

—0.0001

energy in ADU
-

—0.0002

—0.0003

HELMHOLTZ @




Network approach: training phase

bunch of lasing off two random masks

b R " |
* Wy,
H U-net ‘H_H

4
+ 4
H—HH
¥ 4
l-l! —D!I-I

b R ™

-

neural network
reconstructs
lasing off reference

[Submitied on 18 May 2015]

U-Net: Convolutional Networks for
Biomedical Image Segmentation

Olaf Ronneberger, Philipp Fischer, Thomas Brox




Network approach: evaluation phase

b R ™
e

neural network
reconstructs
lasing off reference

mask lasing feature regions

H

U-net ‘ ‘H_H
f -

+
H—HH
¥ 4
12 +

Network is only
trained on lasing off




energy axis in pixel

Results: one reconstruction in detail

lasing on masked lasing on reconstruction difference
0
s
o 50 50 50 50 - 0.2
5 100 100 \ 100 100 A
° f 5 $ ¢ 0.0
2 150 150 150 150 A £y
o -0.2
C -
@ 200 200 200 200 A
0 100 0 100 0 100 0 100
time axis in slices time axis in slices time axis in slices time axis in slices
Calculate center
of mass for
each slice
difference in Power profile: P(t) = AE(t)I(t)/e
center of mass center of mass
5 TT 11 10 - i I
00 1 1
4 - 11ni 8 1 : :
90 A I | | |
1111 | 1
SR Il
100 T i 11 O : :
> | [T £ 4 1
110 o | a |
| 2
120 A 14 il
0 VJ‘ : n/\
130 01— I : : : : 1 |I : 1 ' r
140 L : : -1 4 111l : 0 50 100 150 200
0 50 100 0 50 100 time in fs

time axis in slices time axis in slices



Results: power profiles for different setups

energy axis in px

energy axis in px

Pin GW

100

200

Setup 1:
At~ 33 fs

e

20 40 60

time axis in slices

lasing on - reconstruction
0

100 A

200 A

- -
-

20 40 60
time axis in slices

power profile

iAt:32fs

50 100
time in fs

1.0

0.5

0.0

0.25
0.00

-0.25

energy axis in px

energy axis in px

Pin GW

100

200

Setup 2:
At~ 23 fs

N

20 40 60

time axis in slices

lasing on - reconstruction
0

100 A

200 A

20 40 60
time axis in slices

power profile

At=21fs

50 100
time in fs

1.0

0.5

0.0

0.25
0.00
—0.25

energy axis in px

energy axis in px

Pin GW

Lasing off:
At ~ 33 fs
0
1.0
R
0.5
200
0.0
0 20 40 60
time axis in slices
0 lasing on - reconstruction
- : 0.1
100 1 = e 0.0
200 A -0.1
0 20 40 60
time axis in slices
ower profile
10 p | I;) 1 1
I 1 I 1
RN
57 Lo
1 1 1 1
| | M |
0_
1 1 1 1
| | 11

50 100
time in fs



Results: power profiles for different setups

energy axis in px

energy axis in px

Setup 1: Setup 2: Lasing off:
At ~ 33 fs At ~ 23 fs At ~ 33 fs
0 x 0 x 0
- 1.0 ¢ 1.0 £ ) 1.0
100 b 2 100 2 100 “
05 © 05 © 05
<y <y
200 0.0 £ 200 00 & 200 0.0
0 20 40 60 0 20 40 60 0 20 40 60
time axis in slices time axis in slices time axis in slices
0Ia ing on - reconstruction lasing on - reconstruction 0 lasing on - reconstruction
T - - >< : =
Time distance of X-ray pulses 005 £ - = 0.1
100 1 change accordingly with foil Gon ¥ 100 .
setting :
200 - 5 = We get very low intensities fora p1
0 20 40 60 0 20 40 lasing off case
time axis in slices time axis in slices
power profile power profile
T T 7 heewr h R
1 | t=32fs I 1 1 1
551 i b 5 3 5 1
c fyr 1pt c c [ T
a 04 I\ | a a 04 | | M |
I 1 I 1 I 1 I 1
11 | | 11 1 II

0 50 100 0 50 100
time in fs time in fs time in fs




Results: how to cross check

- Check if integral of both pulses match with GMD

HELMHOLTZ

sum of both pulses in yj

80

gmd in u



Results: find the relevant pulses

80 —
3 104
70 C
— 60
3
£ 3 103
Y 50 0
=) 9
o o
2 €
= 40 102 9
‘s bS]
© 30 - *
[)]
o
c
20 101
10 A
0 100

0 10 20 30 40 50 60 70 80
integral of second pulse in yj
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Finding the right reference image

‘classical approach’

- 1) clean lasing on/off images.

- 2) slice them in n slices.

- 3) calculate the x-Projection.

- 4) nr_clusters manually or with gap_statistics.

- 5) sklearn.cluster.AgglomerativeClustering with euclidean distance to

cluster them in a group, calculate mean and spread of the group, average

them.

- 6) use np.corrcoef to find the best reference group ( Pearson product-
moment correlation coefficients).

- 7) compare com and spread of lasing on with the averaged con / spread of
the best matching group.

- 8) use a different detector to find the matching total power / y offset.

Cij
Rij = S

HELMHOLTZ



Beta-Variational Autoencoder
Basic principle

3-VAE: LEARNING BASIC VISUAL CONCEPTS WITH A
CONSTRAINED VARIATIONAL FRAMEWORK

Irina Higgins, Loic Matthey, Arka Pal, Christopher Burgess, Xavier Glorot,
Matthew Botvinick, Shakir Mohamed, Alexander Lerchner
Google DeepMind

Variational autoencoder: learn a lizinal, Lnatthey, azkap, cpburgess, glorots,
distribution in the latent space

Loss includes the deviation from a
Gaussian normal distribution (KL
divergence)

Dy =130 (02 + 12 — 1 —In(0?))

Reparameterization trick for
backpropagation

Beta controls the disentanglement

Reconstruction

ReconstructionError + *DisentaglementError

Loss =

DESY. Page



Polarix and THz streaking

Two single shot examples

Good agreement

|
1.0 — ref a
— THz
0.8 XTCAV COM |
—e— conv
)
<< 0.6 A
£
iy
gv 0.4
£ \ \
C
0.2 h N \;S
0.0‘ wj U A
—400 —200 0 200 400
time in fs
HELMHOLTZ
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