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- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR
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- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR
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Experiments:
Inputs: Laser 4+ plasma parameters Outputs: Radiation + energy spectrum of bunch
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- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR
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Experiments:

Inputs: Laser + plasma parameters
m limited resolution and fidelity
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Outputs: Radiation + energy spectrum of bunch

m low-dimensional measurements



- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR
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Experiments:

Inputs: Laser + plasma parameters
m limited resolution and fidelity
m shot-to-shot variance
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Outputs: Radiation + energy spectrum of bunch
m low-dimensional measurements

— shot-to-shot variance



- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR
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Experiments:
Inputs: Laser 4+ plasma parameters Outputs: Radiation + energy spectrum of bunch
m limited resolution and fidelity m low-dimensional measurements
m shot-to-shot variance — shot-to-shot variance

= noisy input = noisy output
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- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR

How do we get to understand the LPA process?

R

g EEEEEEEEEEE®
(i
(RN R ENNNNNNNY

Experiments:

Inputs: Laser + plasma parameters Outputs: Radiation + energy spectrum of bunch
m limited resolution and fidelity m low-dimensional measurements
m shot-to-shot variance — shot-to-shot variance

= noisy input = noisy output
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- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR
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Experiments:
Inputs: Laser + plasma parameters

m limited resolution and fidelity
m shot-to-shot variance

= noisy input
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How do we get to understand the LPA process?

Full 3D Simulations: riconca||

+ provide full information about studied process

m full laser pulse shapes
m full output particle phase-space
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Outputs: Radiation + energy spectrum of bunch

m low-dimensional measurements

— shot-to-shot variance

= noisy output
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- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR
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How do we get to understand the LPA process?

Full 3D Simulations: PICon@iD"“

_‘,--";peﬁ'; + provide full information about studied process

m full laser pulse shapes
m full output particle phase-space

— computationally expensive

Experiments:
Inputs: Laser + plasma parameters

m limited resolution and fidelity
m shot-to-shot variance

= noisy input
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Outputs: Radiation + energy spectrum of bunch

m low-dimensional measurements

— shot-to-shot variance

= noisy output
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- Laser-Plasma Accelerator-Driven Free Electron Laser @ HZDR

""" How do we get to understand the LPA process?
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5 3 m full output particle phase-space

AEEEEEEEEEEEENg
~

l‘.lllll..illl.

— computationally expensive

How can we connect observations

. from simulation and experiment?
Experiments:

Inputs: Laser + plasma parameters Outputs: Radiation + energy spectrum of bunch
m limited resolution and fidelity m low-dimensional measurements
m shot-to-shot variance — shot-to-shot variance

= noisy input = noisy output
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.Two inverse Problems

laser parameters,

—— plasma parameters
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.Two inverse Problems

measurement propagator ."
€------- s

laser parameters,

—— plasma parameters

< o~ e
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.Two inverse Problems

1

measurement propagator ." 3D PIC simulation
o X P laser parameters,
—_— . ——> plasma parameters
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.Two inverse Problems

0

measurement propagator

ot

reconstruction
from transition radiation
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™ Electron-Bunch Recontrauction from Coherent Optical
Transition Radiation (COTR)

3D Encoder 3D Decoder Generated Microbunced Differentiable Simulated COTR
Electron Beams Propagator

Latent Space Z ~ N(0, 1)
L
o o )
o > (01"
o ,° g
Generation Transition

Radiation
o], e (Regularization| (Physics Constraints | (
Sof° ® 4 _ = _—= Physics-Informed
© : Reconstruction Loss
JE— Self-Consistency Loop J

Generative Model
Physics-Informed Generative Model for
Electron Bunch Reconstruction

Conditioning
| Fine-tuning on our domain data
amortized Training over
Latent Space Z ~ N(0, 1) diverse Dataset

Pre-trained Foundational Image Encoder Experimental COTR
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™ Electron-Bunch Recontrauction from Coherent Optical
Transition Radiation (COTR)

3D Encoder ated COTR

Measurement >

II H @|2a09399
@2 @789 %00

Reconstruction

sampling (Regularization| (Physics Constraints |

Self-Consistency Loop

Probabilistic
Generative Model
Physics-Informed Generative Model for
Conditioning Electron Bunch Reconstruction -
| Fine-tuning on our domain data
amortized Training over
Latent Space Z ~ N(0, 1) diverse Dataset

Pre-trained Foundational Image Encoder Experimental COTR
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‘ Reconstruction Loss
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™ Electron-Bunch Recontrauction from Coherent Optical
Transition Radiation (COTR)

3D Encoder ated COTR
Measurement >

“N” 22209309

@2 @79 %00

Reconstruction

m Reconstruction under-constrained

Sampling
L. >s-Informed
= Include other modalities, e.g. CTR spectrum truction Loss

Ge
. | . .
I I H '+ ° U I I amortized Training over
Latent Space Z - N(0, ) diverse Dataset

Pre-trained Foundational Image Encoder Experimental COTR
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™ Electron-Bunch Recontrauction from Coherent Optical
Transition Radiation (COTR)

3D Encoder ated COTR

Measurement >

||u“'” QEECEL

Reconstruction

Sampiing m Reconstruction under-constrained
ﬁ . ss-Informed
= Include other modalities, e.g. CTR spectrum truction Loss

m Reconstructing large dataset yields
experimentally relevant electron bunch .
distribution.

' ‘ H I I ~ amortized Training over
LalsanpacsZ N©. ) diverse Dataset

Pre-trained Foundational Image Encoder Experimental COTR
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“ Towards Understanding the Experimental Regime

measurement propagator .” 3D PIC simulation
Y i dmmmmmm e laser parameters,
_ 2 . _— plasma parameters

relevant bunch shapes ™ - = « .
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“ Towards Understanding the Experimental Regime

meazurement propagator .” 3(D PIC simulationl .
___________ - ========--- laser parameters,
_ 8 . _— plasma parameters

relevant bunch shapes . - « . optimization workflow

\/ = find simulation inputs
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“ Towards Understanding the Experimental Regime

meazurement propagator .” 3(D PIC simulationl .
___________ - ========--- laser parameters,
_ 8 . _— plasma parameters

relevant bunch shapes ™ - N " optimization workflow
\/ = find simulation inputs
... enabled by training
on large simulations
in transit

SR
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“ Towards Understanding the Experimental Regime

meazurement propagator ." 3(D PIC simulationl .
........... zé“ == ========= |laS€r parameters,
_—  —— plasma parameters

relevant bunch shapes ™ - N " optimization workflow
\_/ = find simulation inputs
... enabled by training
on large simulations
in transit
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.Training Surrogate Models from Large-Scale Simulations!

8/l \\
producer |- ~~| consumer

m Storage capacity or bandwidth may limit the
amount of high-fidelity data that can be
stored for training.
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LKelling et al. 2025, https://arxiv.org/abs/2501.03383
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.Training Surrogate Models from Large-Scale Simulations!

.
producer streaming consumer

O(PB/s)

m Storage capacity or bandwidth may limit the
amount of high-fidelity data that can be
stored for training.

m Direct streaming workflow bypassing storage.

SITYor OAK PLASMA
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LKelling et al. 2025, https://arxiv.org/abs/2501.03383 ol L
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.Training Surrogate Models from Large-Scale Simulations!

Distributed Distributed
Producer Consumer

balance BW

O(PB/s) O

Oho | [Opm
Doz o

<
o [ [T T e
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m Storage capacity or bandwidth may limit the 3‘ 3‘
amount of high-fidelity data that can be

stored for training. intra node inter node mixed
m Direct streaming workflow bypassing storage.

(c) producer and consumer are distributed across
m Parallel training to maximize throughput. — nodes (gray boxes), arranged to balance band-
width requirements with availablity
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Kelvin—Helmholtz instability

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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- Learning Representations in-Transit?

simulation box of the Kelvin-Helmholtz instabilty

Kelvin—Helmholtz instability

inversion

particles D’

(a) inversion
of physical
reduction

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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- Learning Representations

i box of the Kelvin-Helmholtz instability

Kelvin—Helmholtz instability

(radiation I) (particles D)
i 2

I inversion l I encoder I

( latent z ) ( latent » )
L 2 ¥

I decoder I I decoder I

(particles D') (particles ’D’)

(a) inversion (b) compression
of physical -
reduction decompression

in-Transit?

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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- Learning Representations in-Transit?

simulation box of the Kelvin-Helmholtz instabilty

Kelvin—Helmholtz instability

(radiation I) (particles D) (particles D)
encoder encoder
L4 L4
( latent z ) ( latent z ) ( latent 2 )
L 2 R 2 R 2

I decoder I I decoder I | surrogate I

(particles D') (particles ’D’) (radiation I)

(a) inversion (b) compression (c) physical
of physical - forward
reduction decompression prediction

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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- Learning Representations in-Transit... among other things?

simulation box of the Kelvin-Helmholtz instabilty

Kelvin—Helmholtz instability

(radiation I) (particles D) (particles D)
encoder encoder
L4 L4
( latent z ) ( latent z ) ( latent 2 )
L 2 R 2 R 2
| decoder | | decoder | | surrogate |

(particles D')

(particles ’D’)

(radiation I)

(a) inversion
of physical
reduction

(b) compression

decompression

(c) physical
forward
prediction

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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Learning Representations in-Transit... among other things?

simulation box of the Kelvin-Helmholtz instabilty

Kelvin—Helmholtz instability

(radiation I)

(particles D)

(particles D)

inversion

encoder encoder
h 4 h 4
( latent z ) ( latent z ) ( latent 2 )
¥ L2
| decoder | | decoder | | surrogate |

(particles D')

(particles ’D’)

(radiation I)

(a) inversion
of physical
reduction

(b) compression

decompression

(c) physical
forward
prediction

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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Learning Representations in-Transit... among other things?

particles D

)

Kelvin—Helmholtz instability al :
.5 :: ‘ wP ‘ g ‘ MLP ‘ decon\:‘:3D 5]
(radiation 1) (particles D) (particles D) § '-.‘INN g H -:i
encoder encoder = “‘\ "_‘ -

e samaa

h 4 h 4
( latent z ) ( latent z ) ( latent 2 )
A 2 ¥ L2

I decoder I I decoder | |surrogate|

(particles D') (particles ’D’) (radiation I)

(a) -+ inverse problem

(a) inversion  (b) compression () physical (b) -+ point cloud variational autoencoder
of physical - forward
reduction decompression prediction

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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- Learning Representations in-Transit... among other things?

simulation box of the Kelvin-Helmholtz instabilty

Kelvin—Helmholtz instability

(radiation I) (particles D) (particles D)

encoder encoder
L4 L4

( latent z ) ( latent z ) ( latent 2 )
¥ L4

| decoder | | decoder | | surrogate |

(particles D')

(particles ’D’)

(radiation I)

(a) inversion
of physical
reduction

(b) compression

decompression

(c) physical
forward
prediction

2Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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“ Proof of Concept: In-Transit Learning*

.
producer streaming

O(PB/s)

m Data is not stored, so not repeated in time.
= Variant of Experience-replay?® to avoid
forgetting.

m Statistics from ensemble of simulation
domains.

Shttps://arxiv.org/abs/1902.10486
4Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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“ Proof of Concept: In-Transit Learning*

Model Performance:

=
o
~

(a)

radiation
spectrum

solid: ground truth  dashed: ML prediction

107! 10° 10! 102
frequency in units of plasma frequency

/4
.
producer streaming 102/ ground truth: PIConGPU (b)

o >
O(PB/s) o2 5] I KHI vortex
&5 B approaching detector
m Data is not stored, so not repeated in time. YO 109 [ receding from detector /
. . . 1024 icti
= Variant of Experience-replay?® to avoid o> ML prediction ©

o 0

. = 1014

forgetting. %ﬂjé _aa

m Statistics from ensemble of simulation

domains. 0.3 0.2 0.1 00 +0.1 +0.2
momentum in the direction of the detector

!

Shttps://arxiv.org/abs/1902.10486
4Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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“ Proof of Concept: In-Transit Learning*

Model Performance:

€ @
T o
o Q X
=u X d: ML prediction
o) 10t 102
d-‘da‘re \\e\ &L \its of plasma frequency
stlelillie an \ \Da(a .0\ uth: PIConGPU (b)
O(PB/s) a0 o | ootV
es‘ e((\a S\Jm -hing detector
m Data is not stored © EE \nd 655'\(\% \ , from detector
= Variant of Experien 9 n \E i\ P(Oc’ Q'ls ML prediction (€
- &) A (ol
forgetting. - X )Y \?0
. S o
m Statistics from ensem. OV & 10
; 0.3 0.2 0.1 0.0 +0.1 +0.2 +0.3
domains. momentum in the direction of the detector
Shttps://arxiv.org/abs/1902.10486
4Kelling et al. 2025, https://arxiv.org/abs/2501.03383
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R Recycling Large-Scale Simulation Data for Training

SITY: OAK
Py ¥rve: @pEpee
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R Recycling Large-Scale Simulation Data for Training

storage
DR =
é\ /’
N,
O(PB/s)

m Extend in experience-replay buffer to storage,
for more diverse batches,

+ stream from simulations dynamically.

SITYor OAK PLASMA
P ¥rve: @pEpee
< ~
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R Recycling Large-Scale Simulation Data for Training

stora)ge
DR =
é\ /’
N,
O(PB/s)

m Extend in experience-replay buffer to storage,
for more diverse batches,

+ stream from simulations dynamically.

Data-Parallel Training

,,,,,,,,,,,,,,,,,,,,
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= ML Activities around LPA
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"ML Activities around LPA .
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