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Brief introduction to PAL-XFEL
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Pohang Accelerator Laboratory, X-ray Free Electron Laser

Undulator Line HX SX
Photon energy (keV) 2.0~20.0 0.25~1.25
Beam energy (GeV) 4~11 3.0
Beam charge (pC) 190/250 160/250
Peak current (kA) ~3 ~2.5
E,n tuning Energy/Gap Gap
Repetition rate (Hz) 60 60
FEL intensity >1md > 250 pd
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» C-K. Min et al., J. Synchrotron Radiation, 26, 110, 2019.
> |. Nam et al., Nat. Photonics 15, 2021.

» M. H.Cho etal., Sci. Rep. 13, 13786, 2023.

> C.

>

N ove I XF E L m od es P A L _XF E L C. H. Shim, Two-color FEL pulse generation at PAL-XFEL, IPAC24, 2024.
Chang-Kyu Sung et al., Nucl. Inst. Meth. Phys. Res. A 1076, 170458, 2025.
Self-seeding FEL mode Two-color FEL Fresh-slice-based SASE
a (it b %1078 Pump (9.5 keV)
v e 10 ~224 pJ
B 2, BY ~103 oV W
8 E
’ 3 °l SS BW: ~0.2ev % ¢ c;tlrluc;ur: I.StJag.e1 .(‘:hicar:: U;tdauglztzor
% i g 8 § . e-beam (Dechirper) B ; - A \._
u“ 4 % o é / a \ - / *Red: Electron bunch generating FEL
, é’ ol a% 2 3% Bunch head: not contribute to FEL generation > “Fresh-slice”
2 .l SASEBW: | ~13.0eV o ‘ 1.2
] 9.46  9.48 9.5 9.52 954  9.56 — * )
o—— e Photon energy (keV) E 1.0 ~ Saturation 2 >
S & S \9@ '\'!SP \9@ N@’@ \‘3’@ ‘LP@ E-E Y x10°® Probe (8.5 keV) ¢ _
. Shot number , 6 ~257 uJ :‘;j 0‘8 - S ) 1
° « Data 1% Photon energy: 9.7 keV/ I SASE 35 ii BW ~95 eV (rms) g 0-6 _ aturatlon
5} . —— Gaussian fit 140 Crystal plane: 333 I ss b= q‘) §
A = £ 0.4
-Ei . é 100 | -“g’ 3 ;_-| 0.2 -
z 3 Bandwidth = 0.21 + 0.01 eV S gl '—52 [ _i__ TWO'Sta e (a :1.7 o 04
ﬁg. gso- §1 I'_T_'0.0—lt,. __1/! | ? ( T /H l)
A w| D“O. 0 20 40 60 80 100
wf 844 846 848 85 852 854 856 Distance (m)
0 97044 97045 97048 97050 97052 97054 97056 0 2 " P s 0 Photon Energy (keV)
ot . o i monsty (20 Pump + probe experiment Enhance FEL performan_ce
Spectral intensity: > 5 times larger than SASE using X-ray (10 fs pulse length, bandwidth)

Novel FEL modes currently available / under development:
Support for a broader range of XFEL-based R&D programs

PALJ?
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Al/ML applications to PAL-XFEL.:

Machine learning-based 6D beam phase space diagnhostics
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* Accuracy, efficiency, and required time for diagnostics

Introduction: 6-dimensional phase space diagnostics
 Conventional diagnostics Virtual diagnostics Generative learning

[
Streak beam at various angles and record the %‘ } 1 g un L1 X
projections on a screen. v el ! .
1
Set quadrupoles to obtain desired transverse i ! L'l Sl L2_|inac L3_|inac
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S. Jaster-Merz et al., PRAB 27, 072801, 2024. C.Emma et al.,, PRAB 21, 112802, 2018. A. Scheinker, Sci. Rep. 14, 29303, 2024.
i B. Cathey et al., PRL 121, 064804, 2018. i A. Scheinker et al., PRL 121, 044801, 2018. A. Hoover, PRAB 28, L084601, 2025.

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.

Generative phase space reconstruction (GPSR)’

Based on neural networks and differentiable simulations

Neural Network Proposed Initial Differentiable Beam Dynamics Simulation Simulated Screen Images
Parameterized Transform Particle Distribution
/B Bmad-X g
Randomly Generated 3 e
Samples —_— ép(g‘.‘ —> .
S %
XNN(O,I) _\,"'.-
Quadrupole magnet YAG
Reconstructed Experimental Screen Images
Initial Distribution Gradient calculation
N .,-;" Optimization Step .
.3 Loss Function
= N,I1,J
- — ] — Z |R() — QUind)| -
- n,i,j
Image Difference

lteration process to update weights of neural networks:
To reconstruct beam phase space that successfully
predicts experimental measurements

6D-GPSR @ PAL-XFEL | April 9, 2026 | Seongyeol Kim | 8

S. Kim et al., PRAB 27, 074601, 2024.
R. Roussel et al., PRAB 27, 094601, 2024.
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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 coraezhouersetal. ieaczs 2024
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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): ** ez et pacia aes

R. Roussel et al., Phys. Rev. Lett. 130, 145001, 2023.

Quad for
scan Turn ON/OFF YAGH
Matching Transverse  Spectrometer
Quads Deflecting Dipole g
cavity magnet YAG2 £

CSR characterization

p, (mrad)

0.10
0.4
0.05
0.00 s 027 £
- X £
= s N
o —0.05 % 0.0
Q
-0.10 e
-0.2 4 g
-0.15 <
_0.4 T T
-10 0 10 2 -1 0 1 -1 1=1 0 1 -1
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mm) Complete 6-dimensional phase space reconstruction is made
possible by introducing deflecting cavity + spectrometer

PALJ?
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Al/ML applications to PAL-XFEL.:

Accelerating cavity-based 6D phase space reconstruction

Presentation based on:
» Seongyeol Kim et al, Scientific Reports, 10.1038/s41598-025-26954-6, 2025)
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*Longitudinal emittance:
= D. Dowell et al., In. Proc. PAC03, 2003.
= D. Dowell et al., Nucl. Inst. Meth. Phys. Res. A 507, 331, 2003.

6D GPSR using RF accelerating cavity o e s omoaseny:  uezs. 150195, 2008

Inspired by conventional longitudinal emittance measurement*

. Distribution
Quad YAG1 Dipole magnet at the screen
ua | Electron z; = Rywo + ngxf) 1+ Ris 6o
fTTIm ; beam -
- ULLLLL - Sy | A I?ispersion of g v
Beam Normal RF Spectrometer : ............................................................. deOle magnet Fractional AE
. dipole : ................. (5 —
accele'..atmg magnet YAGZ 1 RMS beam ' energy ref
cavity L spread
. size at the
AFE(z) = eV cos(krpz + ¢rr) . screen 2
Oy — B;UE;U -+ (Dw as )> RMS energy spread
E H
Top: longitudinal phase space Bottom: beam at spectrometer screen
For a given longitudinal distribution:
o 05
=) Energy changes induced by the L 017%
cavity can be captured at the ﬁ,
spectrometer screen L ’
PAL 7
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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 Lo s sace tomogsny: 26, 105.195 2008

Inspired by conventional longitudinal emittance measurement*

Transfer matrix for cavity and drift

L . 0 C e s Example: Quadratic
M — where ¥, = [ 71 72| = ® behavior of energy spread
01 —VSiH(QSRF) 1 0921 099 < z0 > <52> @020
2
YAG _ ;2 _ 172 2 £ 0.15]
T2 o5 = Vo ¢ — 2Voi ¢+ 02 ®
RMS energy Simi . ©0.10]
imilar to normal quadscan: o
spread at — ACb -+ ng + C = Estimation of second-order moments | ¢ 0.05
the screen =
(a'd
—10 0 10
. A¢ (deg)
€, = \/011012 — 0%2 » Emittance

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

POHANG ACCELERATOR LABORATORY
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Experimental setup for the GPSR @ PAL-XFEL

Bmad-X: https://github.com/bmad-sim/Bmad-X

= Transition in progress from Bmad-X to Cheetah simulation:

https://github.com/desy-ml/cheetah

GPSR demo section GPSR validation section
4 N [~ N
Parameters  # of samples (ﬂ 2.856 GHz S-band elegant
transverse deflecting
cavity Q6-7, YAG2
Quad strength 16 Carmors TOAV Ty
XLIN phase 5 \e Q5 Dipole
Bunch ' spectrometer
BC condition 2 compressor M _
dipole (z-p,) image @ YAG2
Total samples 160(80 for train) 1.0
(BC) A YAG1 (x-y) image 082
Quadrupole k= 0.306T/m_ k=0.792T/m_ _k=237T/m _ | . 6§
Magnet % i 3
Qt O B
- e =it B . |
11.424 GHz A e =
= Y a2 X-band RF 5 00
: s---- —
beam (XLIN) S |. g Not included in the
2605 Mev m -1 2135deg 2085deg 2085deg 2035deg
x (mm) x (mm) x (mm) x (mm)
\§ J
PAL 72
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=  Bmad-X: https://github.com/bmad-sim/Bmad-X

= Transition in progress from Bmad-X to Cheetah simulation:

Experimental setup for the GPSR @ PAL-XFEL &g ™"~

GPSR demo section GPSR validation section
4 N [~ N
2.856 GHz S-band elegant
GPSR setup Values ﬂ transverse deflecting
. cavity Q6-7 YAG2
# of particles 100,000 Camera o5 (TCAV) ~25m
. Dipole
# of iterations 1,000 Bunch 7 spectrometer
o ~30mins oo Y ) (z-p,) image @ YAG2
Training time s dipole 1.0
(Nvidia A100) (BC) :
» — YAGT (xy) image 083
Quadru pole k=-0.396 T/m k= 0.792 T/m I é
Magnet pd i 062
O | 0.4=
Q1 O [y £
- o =8 . |
11.424 GHz A e =
= Y a2 X-band RF A 00
beam (XLIN) S |. g Not included in the
250 pC O |E o --- : GPSR training!
2605 Mev m -1 2135deg 208.5 deg 208.5 deg 203.5 deg
x (mm) X (mm) X (mm) X (mm)
\§ J

PALJ)?

POHANG ACCELERATOR LABORATORY

6D-GPSR @ PAL-XFEL | April 9, 2026 | Seongyeol Kim | 15



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
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https://github.com/desy-ml/cheetah
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GPSR validation using downstream measurements

Reconstructed g 2.856 GHz S-band

| transverse deflecting
6D phase space | cavity Q67 YAG2
Camera (TCAV) ~25 m
A LPS @ YAG2
(not included in the GPSR training)

0.8 >
o XLIN S 0-6'%
Q 0.4 E
av £\0 :
FOM s'\ “\a 022
“s'\(\g 0.0
\ J

6D reconstructed phase space of the beam:

mm) Can be used to predict the phase space at multiple locations
PAL 2
&
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Predictions using reconstructed phase space: YAG2

Measurements Predictions
Independent mrv———— m—— — —— T1.0
DN ---Prediction XLIN ON, -223.5 deg XLIN ON, -213.5 deg XLIN ON, -203.5 deg XLIN ON -193.5 deg
downstream N ‘
measurements £ = - >
- 0.8
E = 254.05 MeV E = 253.59 MeV
BaCkg rou nd : XLIN OFF RN O - RLIN O - RLIN O - )B(EIIPIE;:N -193.5 deg
Measurement B
Measurements "
EEEEEEEEEEESR Predictions
BC O BC O BC O BC O
'>I'(IC,|AI\\I %N -223.5 deg e e _)r(lc_xﬂ %N -193.5 deg
GPSR also successfully _ e, 0.2
predicts independent =
downstream |
measurements! R —— 0.0
y (mm)
PAL 7
6D-GPSR @ PAL-XFEL | April 9, 2026 | Seongyeol Kim | 18 &

POHANG ACCELERATOR LABORATORY



Reconstructed phase space @ Q1 entrance

FAY . 4D 6D
R Parameters . .
| Reconstruction reconstruction
B, (M) 4.59+0.08 4.51+0.07
E B, (M) 7.65+0.11 7.81+0.10
a, (rad) —0.55+0.02 ~0.52+0.05
5 02 a, (rad) 1.18+0.02 1.15+0.06
i 0 €. (MM mrad) 0.43+0.01 0.43+0.01
A €qy (MM mrad) 0.41+0.01 0.41+0.02
> 6D
Parameters Measurement .
reconstruction
€., (Mmm mrad) 137.34+17.240 143.36+3.87
o, (mm) 0.45+0.01 0.46+0.00
0pz (%) 0.24+0.01 0.22+0.00
° Slice g, (%) 0.01 (typical)

0.0 0.2-0.05 0.00 0.05 -0.2 0.0 0.2 -0.05 0.00 0.05-1 0 1 0.0 0.5

x (mm) x' (mrad) y (mm) y' (mrad) z (mm) PALJ\?
&
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Al/ML applications to PAL-XFEL.:

Optimization of the beamline based on diagnostics

Presentation based on:
» Seongyeol Kim et al., In. Proc. ICALEPCS 2025, 2025 (10.18429/JACoW-ICALEPCS2025-MOCG004)

6D-GPSR @ PAL-XFEL | April 9, 2026 | Seongyeol Kim | 20
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» PAL-XFEL figure adapted from: S. Kim et al., In. Proc. IPAC’25, 2025 (MOPB098).

GPSR setup @ PAL-XFEL beamline

Experimental Current demonstration
verification completed section
PhotOInJeCtor r ----------- ' r ---------------- ‘ BAS3H
| | | |
X HLO XLIN I I HL3B I HL4 | R A O Experimental hall
—w Laser u.|.|.|.|.|||u.|.| Uag L q.l.u.l.lu.l.u.l.u L ummn UK w U UHKU Hard X-ray
HL1 BC1 | HL2 BC2 y HL3A BC3H 1
=4 Heater 1 | %% X undulator (HX) 11 GeV
BASG ‘ ——————————— , ‘ ——————————————— ’ dump
R R
MM S_hand accelerating cavity % S-band transverse deflecting cavity m o SX undulator Exp Experimenta
(XLIN = X-band linearizer) (RF frequency = 2.856 GHz) [} w U -0 Ut I‘ hall (/R I pIhall

n/ﬂ'ﬂ\ﬂ Bunch compressor I:’ BAS: dump spectrometer

Goal of the demonstration :

» Accurate 6-dimensional phase space reconstruction before BC3H
bunch compressor

» Beamline optimization using non-differentiable simulation (elegant)
for emittance preservation against CSR

6D-GPSR @ PAL-XFEL | April 9, 2026 | Seongyeol Kim | 21
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» PAL-XFEL figure adapted from: S. Kim et al., In. Proc. IPAC’25, 2025 (MOPB098).

» Differentiable simulation used for this demonstration: Cheetah
GPSR setup @ PAL-XFEL beamline

Sl https://github.com/desy-ml/cheetah

MM S-band accelerating cavity =5 S-band transverse deflecting cavity unch compressor . dump spectrometer
Phase space reconstruction section (HL = Hard X-ray Linac) (RF frequency = 2.856 GHz) g Bunch comp BAS-d P spectromet
b Bcam propagation ‘ Quadrupole magnet /_'Q Experimental hall ]
T T fnnl
T T T HX undulator (HX1) oo
HL3A HL3B BC3H CRM dump
—— P
N HL3A-01 HL3A02 ~— e HL3B-01 HL3B-02 for scan
E=EtEetEet= S R 0
Initial beam energy: 2.45 GeV Longitudinal phase space after HL3
16 accelerating cavities (~56 MV/m each) :EET o Lo
0.8%G
04 -20 deg 2
For successful reconstruction: S 3(2) 0.6
< 0. ) 0]
mm) RMS bunch length was ©-0.2 e s
considered as an additional physical ‘8;‘ 025
constraint for loss evaluation ~1.0 -0.5 0.0 0.5 1.01.0-0.5 0.0 0.5 1.01.0-0.5 0.0 0.5 1.0 >V
z (mm) z (mm) z (mm)
PAL 2
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» CRM monitor: J. Ko et al., Rev. Sci. Instrum. 89, 063302 (2018)

P hys i CS co nStrai nt fo r G PS R Calibration with bunch length

measurement using deflecting cavity -

S | —— Electron Bunch Lengtl
Phase space reconstruction section ?ﬁ p;f) SZ,;:‘;fﬁne,;,t; %1
I Beam propagation S:flli?;:ting Coherent CCD Camera %;yro ) é 30 11 §
M R mal Radiation etector & o
LLLLLLLY LLLLLLLY Uy Monitor P g :CSR Monitor *q—'c) %
ocusin — 180

HL3A HL3B BC3H CRM Vecuum e ? 5 = -
. y Chamber P g ’ S
\4ovmg ;; 8 40+ 40 U':i
Coherent radiation monitor vl 4 g0 AR ... J0oa [ 5 =
. . - IFTOL, fr==p=ssss ey il irror — £
(CRM) device for on-line o o < N

. . . CSR.CER| Elecizen Bunch g T, = 3 0 3

bunch length monitoring e e p 2 — - 2 2 A 20 16

Magnet [2 RF Phase (deg)
:  RMS bunch length
Beam image @ screen before compressmn
Total loss for N J

NN weight | —; R — Q) + )\ Aoy + A .
update Z | Q ‘ Z| o o) f|

Y eisamssmssssEssEsEssEssEsssssssssssssssssssssssssssssssssssssssss® 5 % %eiiiisssssssssssssss’ 0 Cesssssssssssssssssses’

*. RMS bunch Iength
after compressmn

e A A R R A A A AR A A RN A EEEEEEEEE RS w
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» PAL-XFEL figure adapted from: S. Kim et al., In. Proc. IPAC’25, 2025 (MOPB098).

» Differentiable simulation used for this demonstration: Cheetah
GPSR setup @ PAL-XFEL beamline |

Rl hitps://github.com/desy-ml/cheetah

S-band accelerating cavity M g_phang transverse deflecting cavity H: .
Phase space reconstruction section (HL = Hard X-ray Linac) ~ ™ (RF frequency = 2.856 GH2) punen compresser PAS: dump spectrometer
( . h ‘ Quadrupole magnet
s Beam propagation /_'Q Experimental hall
fTITm T m fnnl
HX undulator (HX1
(L) (LI [T TTTITTITITITITITITITITITITITIT S ( ) 11 GeV
HL3A HL3B BC3H CRM HL4 dump

Quad Screen

B — HL3A-01 o HL3A02 —— HL3B-01 HL3B-02 -~ for scan

Parameters Value Parameters Value

# of cavity phases 10 (including all cavities off) Initial beam energy 2.45 GeV
# of quad strengths 7 Beam charge 182 pC
BC3H status 2 (ON/ OFF) # of x,y bins (resolution) (800, 100) (20 um/pixel)
Total # of training samples 140 # of reconstructed particles 100,000
Other quadrupole magnets Set with certain strengths # of iterations 2000
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Predictions using reconstructed phase space

Contour lines (90th, 50th)
== [Veasurements

--===== Predictions

Test dataset

K = quad strength k=—-5.100 m~2 ) ) k =4.250 m~2 k=5.100 m~2 1.0
. 05 .
BC ON =
cavorr  E 00
>-0.5
-0.8
BC ON -~ 05
CAV ON, E 0.0
Cavity phase = )
=-20 deg > —05 2
0.6 2
BC ON ~ 05 3
CAV ON, € °
Cavity phase £ 00 _&J
=0.0 deg > _05 g
0.4 =
BC ON . 05 b4
CAV ON, S
Cavity phase §, 0.0 i
=+20 deg > _05 ; ] s
. 05
BC OFF €
cavoFF  E 00 ‘
> 0.5 : :
0.0
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Predictions using reconstructed phase space

Contour lines (90th, 50th)

. Colormap image: == [VJeasurements
Test dataset Training dataset - rmap 9 ...
Prediction -===x== Predictions

K = quad strength k=—-5.100 m~2 k=—2.550 m~2 k=-1.700 m~2 k =0.850 m~2 k=1.700 m~2 k=4.250 m~2 k=5.100 m~2 o

. 0.5 .

1S
CavOFF  E 00

>_05

-0.8

BC ON 2 0.5
CAV ON, € 00

Cavity phase =

=-20 deg > -0.5 4?
062
BC ON ~ 05 §
CAV ON, S °
Cavity phase é 0.0 .OEJ
=0.0 deg > —05 T
0.4 E
BC ON — 0.5 2
CAV ON, S
Cavity phase §, 0.0 } g
=+20 deg > _05 o ]
S ——— 0.2
_. 05
BC OFF €
cavorF  E 00
> 0.5 " ]
0.0
PAL 2
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elegant: https://www.aps.anl.gov/Accelerator-Operations-Physics/Software

Reconstructed 6-dimensional phase space

== Ground truth == Measurements
== Reconstructed === Predictions

Ground truth (z,x’,y’) Reconstruction

Colormap image:
Reconstruction

e
o

o
w
Normalized density

X' (mrad)
X' (mrad)

Successful reconstruction using
physics-constrained GPSR:

can be used for downstream
optimization using
non-differentiable simulation
“elegant”

© -01 00 01 —0.0050.000 0.005 —0.1 0.0 0.1 —0.0050.000 0.005 -0.1
x (mm) X' (mrad) y (mm) y' (mrad) z (mm)
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elegant: https://www.aps.anl.gov/Accelerator-Operations-Physics/Software

Comparison of CSR-induced emittance trend {ﬁ i

. . HL3A HL3B BC3H
Simulation code: elegant (APS)
Ground truth Prediction
. Absolute value of emittance and error compared to the initial emittance (x,y) after BC3H (x,y) after BC3H
T2.5 200 o
s 0.8%G
- s F
2.0 , E\i N N 0.4
§ 6005 o.2§
o 1.5/ o -5.0 -2.5 0.0 2.5 50 00
B 400 o X (mm) X (mm)
: ’
@ 1.0] @ _
§ —— Ground truth 200%‘ £
‘_EUO.S —— Reconstructed L
o) | | | | ‘ | 10
- -3 -2 -1 0 1 2 3 xmm) .
BC3H_Q2 strength (m~2) 2
Robust GPSR-based beam diagnostics: £ °63
N 0.4=
can be applied for optimization against collective
n n m n = 0.0
effects using non-differentiable simulations
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*elegant simulation code used

Further downstream prediction* (up to HX beamline end)

S-band accelerating cavity L 5 hand transverse deflecting cavity
. . LY _ ; wy Bunch compressor BAS: dump spectrometer
Phase space reconstruction section (HL = Hard X-ray Linac) (RF frequency = 2.856 GHz) 1 Psp

(—} Beam propagation 1 ’ cuadrupele magnet /_p

M frm fmn
e L D/D_D\D—.J i [] HX undulator (HX1) 1 Gev

Experimental hall

elegant simulation result

Dog
HL4 leg HX undulator

111111111111111111
vvvvvvvvvvvvvvvv

—— 0y, Ground Truth
—— 0y, Ground Truth
------- Oy, Reconstruction
oy, Reconstruction

200 300 400 500

Robust GPSR-based beam diagnostics:
also enables entire beamline optimization for maximizing XFEL quality
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Summary and future work
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Summary and future work

» 6-dimensional phase space reconstruction using accelerating
cavity was successfully demonstrated at the user facility

» All the coupled phase spaces can be successfully predicted

» Specialized diagnostic elements are no longer required > readily applicable
using common elements such as accelerating cavity, quad, dipole, and screen

» GPSR-based phase space can be used for further applications
» Near unique solution: can represent the physical ground truth > prediction against CSR
» Emittance preservation against collective effects can be effectively predicted

» PAL-XFEL enhancement will be carried out
» Beam diagnostics using the GPSR technique will be performed @ PAL-XFEL to
investigate the machine condition: measurement-based model calibration can be
performed

» Therefore, measurement-based optimization using calibrated model can be performed
to maximize the FEL quality and on-line virtual diagnostics
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