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https://arxiv.org/abs/2502.20654

= C. A Lindstrom et al., Phys. Rev. Lett. 126, 014001, 2021.
= C.Emmaetal., Phys. Rev. Lett. 134, 085001, 2025.

Introduction: 6-dimensional phase space diagnostics

X-ray Free Electron Laser (XFEL) @ Advanced Accelerator Concepts
For ultra-short, high-brightness XFEL.: . For high-efficiency wakefield accelerations:
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For ultra short, high-brightness XFEL and high-efficiency advanced accelerators:
Precise 6D beam diagnostics at multiple beamline locations are essential
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Conventional diagnostic methods

Based on tomography method
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Reconstruct 4D transverse phase space
(x, x’, y, y') for each longitudinal slice.

Reconstruct 3D charge-density distribution (x, y, )

Use all 4D reconstructions to obtain 5D of the bunch for all (6,/, 8,/) combinations.

charge-density distribution (x, x’, y; ¥, t).
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5D tomography using PolariX TDS

Iscreen station v quadrupole @@ PolariX TDS

6D-GPSR @ PAL-XFEL | April 10

, 2025 | Seongyeol Kim | 4

S. Andersen and A. Kak, SART, Ultrasonic Imaging 6, 81, 1984.
Hock K. and lbison M., J. Instrumentation 8, 2013.

B. Marchetti et al., Sci. Rep. 11, 3560, 2021.

S. Jaster-Merz et al., Phys. Rev. Accel. Beams 27, 072801, 2024.
Brandon Cathey et al., Phys. Rev. Lett. 121, 064804, 2018.
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= S. Andersen and A. Kak, SART, Ultrasonic Imaging 6, 81, 1984.
= Hock K. and Ibison M., J. Instrumentation 8, 2013.
= B. Marchetti et al., Sci. Rep. 11, 3560, 2021.

" " " = S.Jaster-Merz et al., Phys. Rev. Accel. B 27, 072801, 2024.
Conventional diagnostic methods e T PRI T

Based on tomography method

RF Transverse Field Screen
deflecting cavity T_, ]

First 6D phase space diagnostics @ SNS, ORNL

F
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induce x-z correlation: can I | ‘ I —
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distribution

Streak beam at various angles and record the
projections on a screen.
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Set quadrupoles to obtain desired transverse
phase-space rotations (6, 8,/).
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Reconstruct 4D transver§e plhase §pace . .
(x, x’, y, y’') for each longitudinal slice. - . 5 D 6,000 (Tracklng sim. ’ 60 transl
Reconstruct 3D charge-density distribution (x, y;, ) i rotat|0n + 100 Streak| ng angleS)
U Use all 4D reconstructions to obtain 5D of the bunch for all (6,/, 8,/) combinations. |
@ charge-density distribution (x, x’, y; ¥, t). ! .
5D tomography US|ng PO|aI’IX TDS l screen station ()} quadrupole @@ PolariX TDS i 6D 516751740 g”ds (32 hours to take)

Conventional diagnostics requires specialized elements and dedicated beam time
Robust diagnostic technique is needed for simple / fast / accurate measurements
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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 __:.-:.f
Samples — — ép(g‘-‘ — .
S %
XNN(O,I) _\,"'.-
Quadrupole magnet YAG
= )
Reconstructed Experimental Screen Images
Initial Distribution Gradient calculation
N .,-;" Optimization Step
P Loss Function
= N,I,J
&. S — Bl Z IRS’J) - QS:J)' <
” n,i.j
Image Difference

Iteration process to update weights of neural networks:
To reconstruct beam phase space that successfully
predicts experimental measurements
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S. Kim et al.,, PRAB 27, 074601, 2024.
R. Roussel et al., PRAB 27, 094601, 2024.
J.P. Gonzalez-Aguilera et al., IPAC’24, 2024.
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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.

Generative phase space reconstruction (GPSR)
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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.

Generative phase Space reconstruction (GPSR)- J.P. Gonzalez-Aguilera et al., IPAC’24, 2024.
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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 YAG1
LLLLLLL)
seam Normal RF Spectrometer
acceleratin dipole
. g magnet YAG2
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
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................................. Fractional
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Os
0.024%

6D-GPSR @ PAL-XFEL | April 10, 2025 | Seongyeol Kim | 9 &

POHANG ACCELERATOR LABORATORY



*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:

6 D G PS R u S i n g R F aC C eI e r ati n g C aV i ty = H. Loos et al.,, Nucl. Inst. Meth. Phys. Res. A 528, 189-193, 2004.

Inspired by conventional longitudinal emittance measurement*
Example: Quadratic

behavior of energy spread

Transfer matrix for cavity and drift
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spread at = A¢ + ng +C = Estimation of second-order moments -10 A ?deg) 10

the screen

€, = \/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
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= H.-S. Kang et al., Nat. Photonics 11, 2017.
= |. Nam et al., Nat. Photonics 15, 2021.
» PAL-XFEL figure adapted from = 2|Stat M| =, 2025.

Introduction to PAL-XFEL, Korea
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GPSR demonstration section

15t proof-of-principle experiments @ XFEL user facility 3.15 GeV dump
for reconstruction without advanced diagnostic tools dump
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Experimental setup for the GPSR

Quadrupole
Magnet

Q1
Q3-4
’;I 11.424 GHz
- Q2 X-band RF
5 ectron Linearizer
eam (XLIN)

250 pC
260.5 MeV

Camera
Bunch /e/&
compressor_+¥3

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

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

Experimental setup for the GPSR

GPSR demo section GPSR validation section
4 N [~ N
Parameters  # of samples E 2.856 GHz S-band elegant
transverse deflecting
uad strength 16 cavity Q6-7 YAG2
XLIN phase 5 \e v Dipole
Bunch ! spectrometer
BC condition 2 COMDressor _
dipolloe (z-p,) image @ YAG2
Total samples 160(80 for train) 1.0
(BC) 082
Quadrupole 06§
Magnet 3
Ql 0.4}—5
- Q3 0 025
11.424 GHz A | '
If Q2 X-band RF o0
; ---- s
beam (XLIN) S |- g Not included in the
2605 Mev m 2135deg 2085deg 2085deg 2035deg
x (mm) x (mm) x (mm) X (mm)
N J
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https://github.com/bmad-sim/Bmad-X

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

Experimental setup for the GPSR

GPSR demo section GPSR validation section
4 N [ N
2.856 GHz S-band elegant
GPSR setup Values g transverse deflecting
cavity Q6-7, YAG2
# of particles 100,000 Camera (TCAV) ~26.7m
. o~ Dipole
# of iterations 1,000 Bunch ) spectrometer
compressor -
Training time ~30 mins dIIOOI'Oe (2:p;) Image @ YAGZ
9 (Nvidia AL00) g0y -
0.8%
Quadrupole 06@
Magnet 3
Ql 0475
‘ Q3-4 o.2§
11.424 GHz
‘I Q2 X-band RF 0-0
Electron Linearizer : :
beam (XLIN) Not included in the
250 pC GPSR training!
260.5 MeV
x (mm) x (mm) x (mm) x (mm)
\§ J
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https://github.com/bmad-sim/Bmad-X

Predictions using reconstructed phase space: YAGI1
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GPSR validation using downstream measurements

4 \ N
Reconstructed i 2.856 GHz S-band Bino
: transverse deflecting Ipoie YAG?2
6D phase space | cavity Q67
Camera (TCAV) ~26.7m

(z-p,) iImage @ YAG2
(not included in the GPSR training)

Normalized density

6D reconstructed phase space of the beam:
mm) Can be used to predict the phase space at multiple locations
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Predictions using reconstructed phase space: YAG2

Independent
downstream
measurements

Background:
Measurement

SOl Contour
— 50t percentlle

Measurements
weneennne Predictions

GPSR also successfully
predicts independent
downstream
measurements!

Measurements Predictions

—Mea§urement BC ON
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Reconstructed phase space @ Q1 entrance

Parameters 40 oD

Reconstruction reconstruction
B, (M) 4.53 4.67
3 B, (m) 7.78 8.12
. a, (rad) —0.56 —0.50
. a, (rad) 1.25 1.17
= €.« (MM mrad) 0.42 0.40
. €qy (MM mrad) 0.39 0.40
£ 000
) Parameters Measurement reconsGt[r)uction
€,, (mm mrad) 137.34+17.240 140.05
g, (mm) 0.45+0.01 0.49
E o 0pz (%0) 0.24+0.01 0.22
- I I T N N NS Slice gy, (%) 0.01 (typical)
x (mm) px (rad) y (mm) by (mrad) 2 (mm) b2 (%)
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Summary and future works

» 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

» Uncertainty quantification will be studied further

» Current demonstration also shows accurate predictions >> establish a standard for
condition to get minimized uncertainty

> Establish the 6D-GPSR standard for typical diagnostic techniques in accelerator facilities
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