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Introduction

X-ray Free Electron Laser (XFEL) Desired beam conditions for high-quality
Gl . XFEL:

E - > Low transverse/longitudinal emittances
7z SSBW:| ~0.2eV : .
_ . 1, . » Low slice energy spread
Bl | . » Flat slice emittance
Self-seeding FEL | N 4:8Aﬂ£ . » Suppression of nonlinear distortions
@ PAL-XFEL 1 215 -10 -5 (I) 5 10 15 E On 6D phase Space
& & &L S E-E.(eV) '
Shot number i 1.2 : - .
6 S| U mmmee w1 | &9 lowslice
| P | 9 emittance
; Al ol E 0.8 §
_-g 3 Bandwidth = 0.21 + 0.01 eV 5 gl g 0.6 ‘; . .
i 1o 2 3 collective
| ke effects
¢ 9.7‘044 9.7646 9.7‘048 9.7650 9.7652 9.7654 9.7656 0 0 2 4 6 8 10 H 02 SC / CSR
Photon energy (keV) 1-eV bandwidth intensity (a.u.) i 15 1 05 0 05 1 15
H.-S. Kang et al., Nat. Photonics 11, 2017. i Az (mm)
|. Nam et al., Nat. Photonics 15, 2021. ; t (ps)

For ultra short, high-brightness X-ray free electron laser:
Precise 6D phase space diagnostics are essential
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* Accuracy, efficiency, and required time for diagnostics

Introduction: phase space diagnostics

Virtual diagnostics

; '
Streak beam at various angles and record the /% ¢ gun L1X
projections on a screen. '/ "'~-.::: ' i 0 O
b . ) XTCAV
Set quadrupoles to obtain desired transverse [ SR . . L1S L2-linac L3-linac \
phase-space rotations (6,', 8,/). \ 1 H
W1 . BC1 BC2
Sl 250 MeV 4.3 GeV 14 GeV undulator / /
Sice 1 I =
o2 s T Measured Predicted 0 0
3Em N O o %40 (a) 2 — Measured
Reconstruct 4D tra se phase space - -40 =4 i
i T @[ yy]fa hI gld ||¢ @ b .3,’20 A ; é} Predicted
1 e b o 3\ z
| P18 g2
! Reconstruct 3D charge-density distribution (x, v, 1) | ! B2 K 2 -~ 81
: @ Use all 4D reconstructions to obtain 5D of the bunch for all (8,), 8,/) combinations. : | 5 40 ud .
! charge-density distribution (x, X', y, y', ). -40-30 -20 -10 0 10 20 30 40 40-30 20 -10 0 10 20 30 40 ~40-30-20-10 0 10 20 30 40 (=3 =3
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— 002 _ )
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' S. Jaster-Merz et al., PRAB 27, 072801, 2024.
. B. Cathey et al., PRL 121, 064804, 2018.

1
i
I sssssss tation . quadrupole @ PolariX TDS 1 1

0.04

- | C.Emma et al, PRAB 21, 112802, 2018,

 A. Scheinker et al., PRL 121, 044801, 2018.

| i A. Scheinker, Sci. Rep. 14, 29303, 2024.

A Hoover, PRAB 28, L084601, 2025.
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Beam diagnostics from conventional approach to Al/ML technique-incorporated:

allows us to investigate phase space characterization in a robust way*
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= R.Roussel et al., PRL 130, 145001, 2023.
S. Kim et al., PRAB 27, 074601, 2024.
R. Roussel et al., PRAB 27, 094601, 2024.

Generative phase space reconstruction (GPSR): &coms o st prcts zoe

Based on neural networks and differentiable simulations

Kernel density estimation

Neural Network Proposed Initial Differentiable Accelerator Simulations Simulated Screen Images

Parameterized Transform Particle Distribution

Randomly Generated

Samples

o TP e n=1
AENOL) o, \, > &uf‘ > kg |

X e RS A ' . éz
. A y
Y = g(X;6) n=f(V;kn) () — KDE(Z,)
R <
. (.econs.tru.cted. f* = sming * Experimental Screen Images
Initial Distribution e Gradient calculation R
A 0t+1 = 6’t = h(V(}/)

o
. M2 Optimization Step
3 - Loss Function
3£ N,I1,J <

3 U= RS = Q|
* * nii’j Dﬂ; ('Lv.])
) e — g(X, 9 ) mage Ditference n

lteration process to optimize ~1k neural network parameters using gradient calculation:
Possible to reconstruct beam phase space that successfully
predicts experimental measurements
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= R.Roussel et al., PRL 130, 145001, 2023.

= S.Kimetal., PRAB 27, 074601, 2024.

= R. Roussel et al., PRAB 27, 094601, 2024.

= J.P. Gonzalez-Aguilera et al., IPAC’24, 2024.
= R. Roussel et al., arXiv:2604.20125, 2026.

Generative phase space reconstruction (GPSR)

k=-4.7 (m~2) k=-2.1 (m~2)

Normal = "
RF gun, quadrupole = £
solenoid Linac t S 8
MK cavities X | Imagne YAG1 o
:[ \ TR TR ., III m )
J J U J . g
MWK X ' SQ1-3 | £ S

1.0
g) s =-2.68 T/m =-1.07 T/m k=1.61T/m

Contour_' TE . = - 08 >
percentile  §: @ 2
-t BRI — Measurement o
= Bl --- Prediction 0.6 ©
(O]
k=-1.88 T/m k=-1.34 T/m k=1.34 T/m 04 =
. M
7 E g
|2 E 02 <

I I 1 I I I I I I 0-0

~15 0 15 -15 0 15 -15 0 15
X (mm) X (mm) X (mm)
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= R.Roussel et al., PRL 130, 145001, 2023.
= S.Kim etal.,, PRAB 27, 074601, 2024.
= R.Roussel et al., PRAB 27, 094601, 2024.

Generative phase space reconstruction (GPSR): 7 s ioiern o, aczs 202

Quad for >
scan Turn ON/OFF YAGH
-y o @ )
Matching Transverse  Spectrometer N
Quads Deflecting Dipole g
cavity magnet YAG2 -4

CSR characterization

py (mrad)

0.10
0.4
0.05 i
s g B
0.00 % 021 £
= — £ 0
S x %
o ~0.05 o 0.0 : o
3 - : 1
-0.10 ~0.24 AR .
-0.15 d
_0-4 T T T

-10 0 10 -1 0 1 -1 11011
z (mm) x (mm) x(mm) Px (mrad) y (mm) Py (mrad) z (mm)

=) 6-dimensional phase space reconstruction is also successfully
performed and currently deployed @ LCLS-Il, SLAC*
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6D GPSR using RF accelerating cavity

*Longitudinal emittance:

= D. Dowell et al., In. Proc. PAC’03, 2003.

= D. Dowell et al., Nucl. Inst. Meth. Phys. Res. A 507, 331, 2003.
Longitudinal phase space tomography:

= H. Loos et al., Nucl. Inst. Meth. Phys. Res. A 528, 189-193, 2004.

Inspired by conventional longitudinal emittance measurement*

Quad YAGT
<> WL
Beam Normal RF Spectrometer
accelerating rg;porﬁt VYAG?2
cavity ?

AE(z) = eV cos (krpz + ¢rr)

For a given longitudinal distribution:

=) Energy changes induced by the
cavity can be captured at the
spectrometer screen

Distribution

Dipole magnet at the screen

Electron /
rr = Riyizo + Risxp + Rig 0
beam f 1120 12L :16 50
- ..... Dispersionof , = |
............................................................ dipole magnet N

........................... Fractional AFE

.............. energy 0 =

Eref

spread

Bottom: beam at spectrometer screen

Os
0.024% "\0.079%

4
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*Longitudinal emittance:
= D. Dowell et al., In. Proc. PAC’03, 2003.
= D. Dowell et al., Nucl. Inst. Meth. Phys. Res. A 507, 331, 2003.

6D GPSR using RF accelerating cavity Lot shese seacetomosrseny. - o s2s, 165.195, 2008

Inspired by conventional longitudinal emittance measurement*

Transfer matrix for cavity and drift
Example: Quadratic
2
M = (1 l ) ( L 0) where ¥, = (U” 012) _ ( <> <20 >) behavior of energy spread

o1 —Vsin(¢rr) 1 021 092 <z26> <6 > £0.20
2

Y AG 2 2 2 012
Ogy =05 = VO'11¢ — 2V oy Cb‘l‘ 022 E

RMS energy Similar to normal ; 5
quadscan: o

spread at — A§b + B¢ + ¢ = Estimation of second-order moments | 2 0.05
the screen =
o

-10 0 10
_ A (deg)
€, = \/011012 — 0%, » Emittance

By combining quadrupole field and cavity phase scans, and GPSR:
We can obtain complete 6-dimensional coupled phase space of the beam

PaL2
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*Longitudinal emittance:
= D. Dowell et al., In. Proc. PAC’03, 2003.
= D. Dowell et al., Nucl. Inst. Meth. Phys. Res. A 507, 331, 2003.

6D GPSR using RF accelerating cavity Lot shese seacetomosrseny. - o s2s, 165.195, 2008

Inspired by conventional longitudinal emittance measurement*

1. Dominated by quadscan

;= Ry 29 + Ri2 7y + Rigdp 2. determined @ dispersive section

N under transverse constraints
Screen measurement

AFE(z) = eV cos (krr 2 + OrFr)

€, = \/011012 — 02, e 3. Constrained by energy spread
under given RF parameters

4. (z,0) Correlation by cavity phase scan:
Complete 6D phase space

By combining quadrupole field and cavity phase scans, and GPSR:
We can obtain complete 6-dimensional coupled phase space of the beam
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6D phase space reconstruction @ PAL-XFEL, Korea

Based on:
» Seongyeol Kim et al., Sci. Rep. 15, 43049, 2025.
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Pohang Accelerator Laboratory, X-ray Free Electron Laser

4. European XFEL

. 3. PAL-XFEL
¢1.LCLS 5, Y,
LGLS-Il  SwissFEL SACLA
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Undulator Line HX
Photon energy (keV) 2.0~20.0 0.25~1.25

® HLo Q HL3B - TR o R Beam energy (GeV) 4~11 3.0
L HX undulator
BC2 ;.g_g,? BC3H 30 fs % 8&13 UNDs 11GeV Beam charge (pC) 190/250 160/250
~ S dump Peak current (kA) ~3 ~2.5
R 07— %@ E,n tuning Energy/Gap Gap
Repetition rate (Hz) 60 60
FEL intensity >1md > 250 pd
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Experimental setup for the GPSR @ PAL-XFEL

Camera
Bunch /e/&
compressor__+¥3

dipole
(BC)

Quadrupole
Magnet
Q1
Q3-4

o 11.424 GHz
“ Q2 X-band RF

Bunch compressor (BC):-
https://pal.postech.ac.kr/en/pal/fcltyAcrtLine.do

-
-
— =

E(I-:teacr:on Linearizer

XLIN
250 pC ( )
260.5 MeV

P
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https://pal.postech.ac.kr/en/pal/fcltyAcrtLine.do

Experimental setup for the GPSR @ PAL-XFEL

Bunch
compressor
dipole
(BC)

Quadrupole
Magnet
Q1 :
Q3-4

= 11.424 GHz
Elét Q2 X-band RF
beeacrr:on Linearizer

XLIN
250 pC (XLIN)
260.5 MeV

Camera

YAG1 (x,y) images

BC OFF

SRR XLIN OFF

€

£ 0

>—1

E 1

£ 0

>-1 -213.5 deg
-2 0 2

X (mm)

BC ON
XLIN OFF
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=  Bmad-X: https://github.com/bmad-sim/Bmad-X

= Transition in progress from Bmad-X to Cheetah simulation @ PAL-XFEL:
https://github.com/desy-ml/cheetah

Experimental setup for the GPSR @ PAL-XFEL J&

GPSR demo section

GPSR validation section

s

Quad strength
XLIN phase
BC condition

Total samples

Parameters  # of samples

16
Camera
5 (including off)

Bunch
2 (ON/OFF) compressor

Quadrupole
Magnet

Q1
-
Electron
beam

250 pC
260.5 MeV

Q2

160(80 for train) ?épc‘;'e)
1 L

Q3-4

11.424 GHz
X-band RF
Linearizer
(XLIN)

~>\3

2.856 GHz S-band
transverse deflecting

cavity Q6-7, YAG2
(TCAV) ~25m

Dipole
spectrometer

GPSR setup Values

# of particles 100,000
# of iterations 1,000
Training time S0 M

9 (Nvidia A100)
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https://github.com/bmad-sim/Bmad-X
https://github.com/bmad-sim/Bmad-X
https://github.com/bmad-sim/Bmad-X
https://github.com/bmad-sim/Bmad-X
https://github.com/bmad-sim/Bmad-X
https://github.com/desy-ml/cheetah
https://github.com/desy-ml/cheetah
https://github.com/desy-ml/cheetah

Comparison of training and test datasets @ YAG1

Training
dataset

- a: measurement - b: reconstruction

— a b
........ Measurement k= -2.38 T/m k= 0.396 T/m k= 1.58 T/m k= -2.38 T/m k= 0.396 T/m k= 1.58 T/m

- 1.0

BC ON €
XLIN OFF £
>

-0.8
BC ON

XLIN ON,
Cavity phase
=-228.5 deg

y (mm)
o
o

Normalized density

BC ON

XLIN ON,
Cavity phase
=-213.5 deg

y (mm)

o
N

BC ON

XLIN ON,
Cavity phase
=-193.5 deg

y (mm)

BC OFF
XLIN OFF

y (mm)

--

X (mm)

PAL .\
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GPSR validation using downstream measurements

4 \ N
Reconstructed e
6D phase space | cavity Q67 YAG2
Camera (TCAV) ~25m
a g
A LPS @ YAG2
(not included in the GPSR training)

Normalized density

6D reconstructed phase space of the beam:
mmp Can be used to predict the phase space at downstream beamline

PALJ?
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Resembling ground truth: Seongyeol Kim et al., Sci. Rep. 15, 43049, 2025.

Predictions using reconstructed phase space @ YAG2

Measurements Predictions "y
——Measurement § pgc QN BC ON BC ON BC ON '
. .----Prediction XLIN ON, -223.5 deg XLIN ON, -213.5 deg XLIN ON, -203.5 deg XLIN ON, -193.5 deg
Beam image: R Sy
Measurement - e > TRy 8
- - 0.
E = 254.74 MeY
Measurements
P BC OFF
SEEEEEEEEEESR Predlctlons : C XLIN OFF XLIN ON, -223.5 deg 0.6_@"
GPSR also successfully = V> F
predicts independent . :
downstream o
measurements!
BC OFF BC OFF BC OFF BC OFF
‘ =N . XLIN ON, -223.5 deg XLIN ON, -213.5 deg XLIN ON, -203.5 deg XLIN ON, -193.5 deg
} TCAV OFF TCAV OFF TCAV OFF TCAV FF~ 0.2
Reconstructed phase ¢ e =
space closely N
resembles true o
physical distribution () ()
PAL 7
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Reconstructed phase space @ Q1 entrance

y (mm) X' (mrad)

y' (mrad)

0.0
x (mm)

0.2-0.05 0.00 0.05
x' (mrad)

x' (mrad)

-0.2 0.0
y (mm)

0.2 -0.05 0.00 0.05-1
y' (mrad)

0
z (mm)

1

Parameters 4D .
i Reconstruction
By (M) 4.59+0.08
a B, (m) 7.65+0.11
o,é a, (rad) —0.55+0.02
a, (rad) 1.18+0.02
:l € (MM mrad) 0.43x0.01
€qy (MM mrad) 0.41+0.01

6D

reconstruction

4.51+£0.07
7.81+£0.10
—0.52+0.05
1.15+0.06
0.43+0.01

0.41+0.02

6D

Parameters Measurement
€,, (Mm mrad) 137.34+17.240
o, (mm) 0.45+0.01
o5 (%) 0.24+0.01

Slice o5(%)

reconstruction

143.36+3.87
0.46+0.00
0.22+0.00

0.01 (typical)
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*Right after 1-month long-term maintenance (15t half year)

6D G PS R: 2026. 03 measureme nt* Longitudinal phase space: (x,y) projection

1.0
Measurement
H0 _ (XLIN OFF, BC OFF) [N
£ Gun operation phase
£o05
x 36.0 deg 0.6
o | Transverse emittance
E oo @ Emit_nx = 0.57+0.011 um 0.4
* ~0.05 Em|t _ny =0.454+0.013 um 0
0.25 '
E oo @ @ Slice energy spread (RMS) energy
> | ~0.01% 6750 —25 00 25 5.0 0.0
0% 1.0
5 0.05 | GPSR Prediction
£ 000 @ @ (XLIN OFF, BC OFF) 0.8
> _0.05
_ 1SN — \.\ 0.6
£ o 0 { °f
-1 0.4
0.5
— ; ; 0.2
£ 0.0
° os @ @ \ energy
-6 0.0

—0.250.00 0.25-0.050.000.05— 025000 025 0.050.00 0.05
X (mm) x' (mrad) y’ (mrad) z (mm)

-5.0 -2.5 0.0 2.5 5.0
X (mm)
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*Right after 1-month long-term maintenance (2" half year)

6D G PS R: 2026. 08 measureme nt* Longitudinal phase space: (x,y) projection

1.0
Measurement
1.0 _ (XLIN OFF, BC OFF) 0.8
£ Gun operation phase
Eos
x 38.0 deg 0.6
0.0 n
005 Transverse emittance
g 0.00 @ Emit nx = 0.45+0.014 um 0.4
> ~0.05 Emit_ ny =0.42+0.016 um 05
0.25 '
g @ @ Slice energy spread (RMS) energy
= s ~0.01% 6750 —25 00 25 5.0 0.0
-0.25 1.0
g5 008 GPSR Prediction
£ 0.00 (XLIN OFF, BC OFF) 0.8
> _0.05
'- 0.6
z |
E 0 .
N1 0.4
0.5
< 0.2
S 0.0
° os energy
~0.250.00 0.25—0.050.00 0.05—0.250.00 0.25—0.050.000.05 -1 0 1 —0.50.0 05 ~° -50 =25 00 25 5.0 0.0

x (mm) x' (mrad) y (mm) y' (mrad) z (mm) 6 (%) X (mm)
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*Right after 1-month long-term maintenance (15t half year)

6D GPSR: 2026. 03 measurement®

> Slice emittance

0.8 [ —Reconstructedcurrent pi’éﬁlé -] 1 Conventional slice emittance measurement @ different screen
- . . . (using TCAV) Slice Emittance Scan on HL1:SCM11
070 —Reconstructed horizontal slice emittance| | 16-Mar-2026 08:16:04 Asymmetric
" | —Reconstructed vertical slice emittance ,
] =+ Current profile
0.6 > Measurement: @ different screen, no postprocessing i . -+ Hor. slice emit.
%\ ] » Halo distribution: cutout during GPSR due to poor SNR S
= ©15 :
— S
0.5 E
= = N
L
) s 11N -
g0.4 c \
g £
% 5
0.3 . 0.5 l
g0
(ZD 7
0.2 ] Tail N |
Or -
01— 5 10 15 20 25
-1.5

Slice Number
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*Right after 1-month long-term maintenance (2" half year)

6D GPSR: 2026. 08 measurement®

> Slice emittance

o8 rmrm—morrrer¥—
- —Reconstructed current profile '
0.7 | —Reconstructed horizontal slice emittance| |
" | —Reconstructed vertical slice emittance ]
0.6 _ » Measurement: @ different screen, no postprocessing ] !:)eta”.ed 6D phase Space dlag.n.OStICS tO
= - > Halodistribution: cutout during GPSR due to poor SNR : |nveSt|gate current beam condition:
5 _
= 0.5" | .
= Routinely perform
50 4 1 every March and August,
S before starting half-year user
I L . =
v 0.3 Tail Head | service @ PAL-XFEL
0.2F ]
01—t
-1.5 -1 -0.5 0 0.5 1 1.5

PAL{?
6D GPSR, IBIC 2026 | September 2, 2026 | Seongyeol Kim | 24

POHANG ACCELERATOR LABORATORY




*For more information on the GPSR-based optimization:
S.Kim et al., In. Proc. ICALEPCS 2025, Chicago, IL, USA, MOCG004 (2025)

6D GPSR applications: optimizations*®

s O-band accelerating cavity TR S-band transverse deflectin
g cavity I]/{]-D\ﬂ ]
(HL = Hard X-ray Linac) (RF frequency = 2.856 GHz) Bunch compressor BAS: dump spectrometer

Phase space reconstruction section

( . h ’ Quadrupole magnet
e Beam propagation m’ D/Hmr“»am—c? St ]
fTIITm fTITm mm
HX undulator (HX1)
CLLLLLLY GLLLLLLY GLLLLLLLLLLLLLLLLLLLLLLLLILLY U
= 11 GeV

HL3A HL3B Q2 BC3H CRM HL4 dump
. J BC3H

elegant simulation result
~ HL4 Dogleg

GPSR + elegant: CSR effects @ BC3H chicane _

gzs 800 | HX undulator
E _
2.0 500 Ux, Ground Truth

— ay, Ground Truth
------- ax, Reconstructlon
------- ay, Reconstructlon

=
U

—— Ground truth

NN

o

o
Emittance growth (%)

Norm. emittance (m
=
o

0.5—— Reconstructed
0
-3 -2 -1 0 1 2 3 0.00 ' , , , | 1 ' '
BC3H_Q2 strength (m~2) 0 100 200 300 400 500 600 700

With the reconstructed phase space that resembles true physical distribution:
We can perform beamline optimization with high-fidelity simulations
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6D GPSR applications: calibrations

Quad Screen

4 wire-scan monitor (WSM)
(1D X,Y profiles)

TCAV TCAV-GPSR RF cavity
\ section) Quadrupole o ® : A
O D O DX O b
| magnet & B 2 O @ @ P PP RPN S
/\ (430%) & FFF I IS
J 25
— |
3 £ 0.0
E -
< 6D GPSR X _55g BN Original
as an input

[ Target I Calibrated

— Target ==== Prediction Top: not calibrated, bottom: calibrated

R . WSM_L28A-X WSM L28A-Y WSM L28B-X WSM L28B-Y WSM L209-X WSM L209-Y WSM _L210-X WSM L210-Y
: - S8 iy '

- 2% | A i - f o
__ o - 0 2 AY ! L R g \ 4 \)
[ i ’ . & i 38

| 8%
) 0
< -1 0 1-1 0 1-1 0 1-1 0 1-1 0 1-1 0 1-1 0 1-1 0 1

' X (mm) y (mm) X (mm) y (mm) X (mm) y (mm) X (mm) y (mm)

-0.25 0.00 0.25-0.050.00 0.05 -0.250.00 0.25 -0.050.00 0.05 -1 0 1

X (mm) Px (mrad) y (mm) py (mrad) T (mm)

With the reconstructed phase space that resembles true physical distribution:
Model calibration is feasible (WEP037, today’s poster session)
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*PAL-XFEL hard X-ray (HX) beamline

Future direction: Al/ML-based accelerator operation

elegant simulation result for HX* (GPSR-based 6D phase space as an input)
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Detailed phase space diagnostics, calibration, and model-based optimization:
Al/ML-based operations will be feasible (pre-optimization, on-line virtual diagnostics, etc...)
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Summary and future works

» GPSR-based phase space reconstruction was successfully
demonstrated both at test and user facilities

> All the coupled phase spaces can be successfully predicted also for special beams

» readily applicable using common elements such as RF cavity, quad, dipole, and screen

» Highlight: Reconstructed phase space closely resembles the true physical distribution
» Optimization of the beamline using 6D GPSR results, incorporated into physics simulations

» On-going work and and near/long-term plans

» We are now conducting experimental demonstration of GPSR-based simulation model
calibration (and integration of differentiable simulation + high-fidelity simulation)

» Using the calibrated simulation model, we will perform beamline optimization to investigate
optimal condition that maximizes FEL quality

» Once we confirm that the GPSR-based calibrated model provides primary beam parameters
within acceptable error range, it would be useful to develop a digital twin in a robust way (Also
it would be useful as virtual diagnostics right next to the machine status monitors!)
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