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*e.g., double horn-suppressed, flat slice emittance

Motivation of beam manipulation

Use of magnetized beam: Use of refined electron beam®:
Reduction of hadron beam emittance: cooling Enhancement of Free Electron Laser quality
Interaction time : o " -
lon beam . Impact s »l —ss
7— ~ —parameter 8
v — v 7 ’i or SSBW: | ~0.2¢eV
) ill = Vel Coa
Magnetized Longitudinal ..} . t' dinal ’ ; st
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= Y. Derbenev and A. Skrinsky, Part. Accel. 8, 235, 1978. Self-seeding FEL ,
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Use of flat beam:
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by flat beam with large magnetization ~ ™| € ~ o°r | :
E 0 9.7‘044 9]646 9.7;)48 9.?;!50 9]652 9.7;)54 9]656 0 0 2 4 6 8 10
= K. Yokoya, P. Chen, Beam-beam phenomena in linear colliders, 2005. ; Photon energy (keV)

1-eV bandwidth intensity (a.u.)

= K. Buesser, Electron-Positron Linear Collider, 2009. i = H.-S. Kang et al., Nat. Photonics 11, 2017.
' = |.Nam et al., Nat. Photonics 15, 2021.

For high-energy physics applications and high-brightness X-ray light:
Proper and accurate beam phase space manipulation is essential
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Conventional diagnostics

Streak beam at various angles and record the % 'n,

projections on a screen K k]

Set (q adru, pol s to obtain desired transverse
phase-space rotations (8,}, 8,)).

0.8 m 6.8m

19.8m

Reconstruct 4D transverse phase space
(x, X', y, y’) for each longitudinal slice.

l Use all 4D reconstructions to obtain 5D
} charge-density distribution (x, X', y, ¥, t).

Iscreen station ’ quadrupole @@ PolariX TDS

Energy vs Horizontal Momentum at the Beam Core
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S. Jaster-Merz et al., PRAB 27,072801, 2024.
i B. Cathey et al., PRL 121, 064804, 2018.

Energy Spread (MeV)

1
Reconstruct 3D charge-density distribution (x, y, t) : :
of the bunch for all (8,), 8) combinations. 1 !

Virtual diagnostics
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C. Emma et al., PRAB 21, 112802, 2018.
.+ A. Scheinker et al., PRL 121, 044801, 2018.

* Accuracy, efficiency, and required time for diagnostics

Beam diagnostics for characterizing manlpulated beams

’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’
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3 A. Scheinker, Sci. Rep. 14, 29303, 2024.
1 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.
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.

Generative phase space reconstruction (GPSR)’

Based on neural networks and differentiable simulations

Neural Network Proposed Initial Differentiable Accelerator Simulations Simulated Screen Images
Randomly Generated Parameterized Transform Particle Distribution
Samples o n =2
NOD o > > P R
X eRS A l
Y = g(_X; Gt) Zp = f(Y, kn) Qg’j) = KDE(Z,,)
Reconstructed g* — . * ~ Eoer s |
Initial Distribution - argmgn , _ xperimental Screen Images
. Gradient calculation :
i 041 =0 — h(Vyl)
15 Optimization Step
& - Loss Function
2 N,I,J
o =3 IRGD - QL7 -~
n,i,J
Y* = g(X; 9*) Image Difference

lteration process to update weights of neural networks:
To reconstruct beam phase space that successfully
predicts experimental measurements
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4D phase space manipulation and reconstruction

Based on:

» Seongyeol Kim et al., Phys. Rev. Accel. Beams 27, 074601, 2024.
» Seongyeol Kim et al., Nucl. Inst. Meth. Phys. Res. A1072, 170206, 2025.
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What are flat and magnetized beams?

Round beam

Typical beam we
use (does not rotate)

where T, = {ﬂ a} J=
a v

0 -1
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Solenoid field
at the cathode
P=p+ecA=

g X
P+ —(—y& + z) AT
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Round,
magnetized beam

] Magnetization

dominated beam
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Transformation
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€:n, Uncorrelated emittance

For magnetization = 50 um, and ¢;,= 5.0 um,

€. (Emit_nx) €_ (Emit_ny)
(mm mrad) (mm mrad)
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*Relativistic factor larger than 50

Back-to-back beam transformations @ AWA facility

Back-to-back(B2B): Round-to-flat and flat-to-round(magnetized) beam transformations*

Motivation of beam transformations:
» Difficulty of high-energy* magnetized beam transport: make it easy by decoupling
» Then, transformation back to magnetized condition at the application section (e.g., cooling)

High-energy magnetized Magnetized beam

» Flat beam transformation -
+ beam transport

transformation +
application

beam generation using
photoinjector

Goal of demonstration:
» Experimental demo of back-to-back transformations at Argonne Wakefield Accelerator (AWA) Facility

REgun, Linac . Skew | AGis  Skew | yagus
fc§u%n930|en0Id N soteneld @ quads '\:]323? Slit mask YAG2 quads | Slit mask YAG5 %
( ) o Yo | ) i i s’

oo T e W NeeS W W Sl
W Linaccavies ¥ X | sa13 | DQ4-6 DQ7-8  DQY-10 DQI1-12  DQ13-15| SQ4-6 | DQ16-18 pecirometer
Magnetized beam Flat beam transformation Magnetized beam
generated + transport transformation
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Experimental demonstration of beam transformations

: : , Skew Normal
RF gun, solenoid Linac solenoid quadrupole  quadrupole YAG1+
: @ @ Linac cavities @ @ magnets = magnet  Slitmask YAG2
amil

CIm D o a4 0

r 1.0
Use of multi-lens YAG1 // Slit
array (MLA) No bucki;\_glsolenoig: ‘ B _ 082
3 Virtual cathode hﬁ)or.\s‘-zero B-field at cathode | ud %
4 image (example) E 5 d.’ " 0.6C
E 2 . §0.2 eam direction ' 8
:° %01 : 0 4g
- Fhs o 0109 sin 6 T ©
—4 (/O) 0 - - ,7 D g
6 B0 0'3 (m) 04 Beam energy' Magnetization 0.2 §
-5 (0 ) 5 ~43 MeV (y~84) 75.3+12.1 um
10 -5 0 5 10-10 -5 o0 5 10 90
X (mm) X (mm)
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Experimental demonstration of beam transformations

;Eugsl::é solenoid Séz:gid Skew Normal Skew  YAGS5+
XX X % quads quads YAG1 YAG2 YAG3 quads Slitmask YAG6 & YAG
Crpam am Tl W I JeeTH oI Hy
MM Linaccavites [X X SQ1-3 T Spectrometer
Twiss RFBT matrix calculation
) Parameters h kew triplet matrix,
For magnetized beam: Y = C'X r [ a B -| X 1 ([A+B+(A-BCOX )\ Zw+rg eAmafr;IX
C= 2 » - 5 Msq =
X=(@,p),Y=(y0) ey | - ) Y A~ B+ (A+ B)CX A-B A+D
where ;= /2, + L2 RFBT goal: find skew quad settings that vanishes Y
1.0
Flat beam @ YAG1 Flat beam @ YAG3 .
Enx = 144.6+1.4 mm mrad 0.8
Eny = 1.5+0.1 mm mrad o
0.6©
S — g
0.473
Preservation of &
magnetization (almost Space-charge contribution 0.22

perfect decoupling)

can be seen

o
o

10 -15.0-7.5 0.0 7.5 15.0
X (Mmm)
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Experimental demonstration of beam transformations

RFgun, Linac | Skew | :Skew YAG5+

fo|§u§ng solenoid 2 solenoid | quads ’:(L)jrafgz' YAG1 YAG2 YAG3 quads Slit maskyaGge

C D I5 AN R =R R R R = =4
MM Linaccavites [X . sq1a i SQ4-6 Spectrometer

Flat to round beam transformation (simulations with different quad signs)

& Measurement
B Transformed*

Simulation #3

Transformed 08 *For simulation #2,
SQ4-6 = [—,\+, +]

| Simulation #1 Simulation #2

| Fully transformed Not transformed

i SQ4-6 = [+, = +] SQ4-6 = [_’ +, +]
an E )

o
)

Normalized density

v {zy)| # [y (@"y)]

Thus, not transformed

I
>

YAG5, FRBT
y (mm)

precise beam diagnostic

08 method is required for
accurate validation of

transversely coupled beam!

o; 1

Normalized density

-
m
14
LL
©
<
>

‘ 0.0 .
-15 -10 —sx(gm) 5 10 15 -15 -10 —sx(ﬁm) 5 10 15 =-15 -10 —sx(r?]m) 5 10 15 -15 -10 —sx(r?m) 5 10 15 GPSR technlque
Magnetization Magnetization Magnetization Magnetization
(slit-measurement) 74.1 um 68.8 um 71.9 um

74.3+17.7 um .
r PAL D
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Characterization of magnetized beam using GPSR

Different UV distribution and solenoid field were applied in this case

Comparison of training / test dataset (images @ YAG1)

— Measurement Lo
Sk d Normal --- Prediction
Photo Ew quaas quadrupole S\I("tAth
injector | notused " magnet iy 08
- .
. sQ13 | Quad : k=0.71 T/m 0.6 é
: o)
GPSR setup: 04 £
. =2
» 21 quadscan samples (half for train)
» 250x250 image bins I 05
» 100k particles, 4000 epochs
Test k=0.54 T/m |& k=1.24 T/m
- measurement dataset i i - - | ! ! : : o0
-8 0 8 -8 0 8 -8 0 8
X (mm) X (mm) x (mm)
PAL 2
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Characterization of magnetized beam using GPSR

Different UV distribution and solenoid field were applied in this case
Reconstructed phase space
(unit: mm / mrad)

Magnetized beam matrix 5.0 |
e —egee 0 £ R |y ((zy) — (ya’)) /2 2o
“Ceff%  Ceffla —L 0 > 0.8
0 —ﬁ Cerlly  —Cerry e
| £ 0 —eroy sy ] _: _
ecrr =\ € + L2 B, a,y: Twiss parameters S s O-GE
:
Reconstruction 44.0 5.0 M
Slit measurement 47.21+0.9 >0
GPSR for magnetized beams: zz 02
Successful to obtain detailed phase 25
space information including couplings  -so oo
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Characterization of flat beam using GPSR

Different UV distribution and solenoid field were applied (also compared to magnetized beam GPSR)

Skew quads Normal YAG1+ GPSR setup:
Photo , quadrupole _ _
injector activated " agnet  Slit mask » 21 quadscan samples (half for train)
C] III ‘ » 100k particles, 4000 epochs
measurement Test
 SQ1-3 Quad dataset

Comparison of training / test dataset (images @ YAG1)
1.0

k=-2.68 T/m k=-1.07 T/m k=0.54 T/m k=1.61 T/m
: S
c < 0.8 >
- ¢
> — Measurement 06 2
--- Prediction °
D
k=1.34 T/m 04 =
E :
E 02 %
>
0.0
X (mm) X (mm) X (mm)
PAL /2
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Characterization of flat beam using GPSR

Different UV distribution and solenoid field were applied (also compared to magnetized beam GPSR)

After beam transformation, beam covariance becomes: Reconstructed phase SpaC?_l .
(z%) (xa') (zy) (zy') €y —eray 0 0 _ |
(zz') (27) (yz') (2y) _ | o G 0 __________ 0 é
(ry) (xy) @°) (wy) EO OE e_f- —e_a_ o8

| () (@) (wy') W) ] [io 0F eca ey

2 €th
Where eigen-emittances: | ¢, ~ 2L e =~ Sth | Uncorrelated
2L | emittance = 062
Emit_nx (g,) Emit_ i No maijor %
(mm mrad) (mm mrad) salEtan Té
040
Reconstruction 140.14 1.53
M ¢ No major
easurement =] correlation
144.64+1.36 1.47+0.10 £ 0.2
(Quadrupole scan) S
¢
Also, GPSR technique successfully
0.0
reconstructed flat beams! o2 0 roama 2 0 2
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6D phase space manipulation and reconstruction

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

e L],

------

............
. g
- .,

----

PAL XFEL L t Undulator Line HX SX
ayou Photon energy (keV) 2.0~20.0 0.25~1.25
0.14 GeV 0.33 GeV 2.5 GeV 3.5 GeV 4-11GeV
XLIN PR 1) R Beam energy (GeV) 4~11 3.0
BC2 I1L3A 3K p X undulator &% Beam charge (pC) 190/250 160/250
180 f ~30 fs 8 & 13 UNDs
~1olts SXundulator ), dump Peak current (kA) ~3 ~2.5
Dyl (0 ' EKO E,n tuning Energy/Gap Gap
Repetition rate (Hz) 60 60
FEL intensity >1mJ > 250 pd
PAL 7
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frm S-band accelerating cavity fml S-band transverse deflecting cavity

WL (X | IN = X-band linearizer) (RF frequency = 2.856 GHz)

Beam manipulation @ PAL-XFEL HX s eucompesn S 615 sump specromee

g —————— 4 ——— N\ T E_—_—_—_—_—_E—_ T ————
I 11 : .r 11 I
g HLO 1 XI;!N : 1 :HL3B : : HL4 Experimental hall
m l"'l"l nnla - T m T m fITTTm (anl
w d ul_liu{]u w L u.|.u.||_.||.:._|.|2.|.|.|.|.| - [T [T - Ilﬂl : Hard X-ray :
>3 Heater i BC1 1 : HLsA - o 10 undulator (HX); 1! Gev
BASG D LA E mhmmmmme emmmmmmm e mmmem— s s Sem S Gymp
> X-band RF linearizer cavity (XLIN): make chirp linear m o O undulator
[TT] wy hall

Collimator in the middle of BC1: suppress double-horn

>
» BC3H: emittance optimization against CSR
>

Matching HL4 30-Apr-2026 14:21:01

HL2, HL4, HX sections: FODO lattice matching 300  Quad Old (kG)  New (kG)
BC3H_Q3 19.077 19.549
1.0 _ BC3H Q4  0.120 0.131
E 200 BC3H Q5 -30.545  -30.756
- L4 Q1 31.631 32.037
08_,? 100 2.951
[7)]
3
—_ 0.6© 0
X o
~ (0]
>~ N
© 0.47%
€ E
022
~100 -50 0 50 100-100 -50 o0 50 100 °° ol ' ' ' ' ' ' '
At (fs) At (fs) 350 400 450 500 550 600 650 700

Other R&D activities:
» UV laser control: Seong-Hoon Kwon et al., TUP7721 (Tuesday poster)

» FEL mode development: Chi Hyun Shim et al., TUP2662 (Tuesday poster)

» Beam phase space diagnostics: Myunghoon Cho et al., MOP6656 (Monday poster) PALJ?
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= R.Roussel et al., PRAB 27, 094601, 2024.

= J.P. Gonzalez-Aguilera et al., IPAC’24, 2024.

6D GPSR using transverse deflecting cavity

Quad for
scan Turn ON/OFF YAG1 5
[ 1
-y = = )
Matching Transverse  Spectrometer f: E
Quads Deflecting Dipole
cavity magnet ﬁ AG2

y (mm)

CSR characterization

py (mrad)

px/p (x103)
z(mm)

-0.4

Pz (%)

~10 0 10
z (mm) x (mm)

lrnrn) p (mrad) ¥ (mm) Py (mrad) z(mm} P (%)

mm) 6-dimensional phase space reconstruction is also successfully
performed and currently deployed @ LCLS-Il, SLAC*
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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.
Longitudinal phase space tomography:

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

6D GPSR using RF accelerating cavity

Inspired by conventional longitudinal emittance measurement*

Quad YAGT Distribution
T fTrm Electron D|p0|e magnet at the screen
LLLLLLLY beam Ty = Rllxo + R12£C6 + R16 (50
Beam Normal RF Spectrometer - ...... Dispersion of _
F Spectometer | el Ly dipole magnet v
accelerating  “H0° Ay A Fractional A p
cavity >~ T energy 0 = z
spread ref

AE(z) = eV cos (krpz + ¢rr)

E Top: longitudinal phase space Bottom: beam at spectrometer screen
For a given longitudinal distribution: o5 o5

0.117% 0.024% 0.079%

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

.

IR R A

PAL
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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 .o s sace tomogsny: 2 15.195 200

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 | 2 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

Quadrupole
Magnet

Qt
-

Q3-4
11.424 GHz

Elét Q2 X-band RF
beeacmron Linearizer

XLIN
250 pC ( )
260.5 MeV

Camera

Bunch

compressor

dé%me Bunch compressor (BC):-

( ) https://pal.postech.ac.kr/en/pal/fcltyAcrtLine.do

5

Sl -
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Experimental setup for the GPSR @ PAL-XFEL

Camera
Bunch . /e/é
compressor <+

dipole YAG1 (x,y) images
(BC)
Quadrupole p} BC OFF BC ON
Magnet =1 XLIN OFF XLIN OFF
Q1 € 0
Q3-4 -
a@ 11.424 GHz >-1
£ Q2 X-band RF —~ 1
b ectron Linearizer e
zggr; c (XLIN) £ 0
260.5 MeV. -1 -213.5 deg
-2 0 2
X (mm)
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Experimental setup for the GPSR @ PAL-XFEL

GPSR demo section

=  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

GPSR validation section

s

Parameters # of samples G

Quad strength 16
Camera
XLIN phase S
Bunch
BC condition 2 compressor

Quadrupole
Magnet

Qt
-

QO

Q3-4
11.424 GHz

Elét Q2 X-band RF
beeacmron Linearizer

XLIN
250 pC ( )
260.5 MeV

->\3

2.856 GHz S-band
transverse deflecting

cavity Q6-7 YAG2
(TCAV) ~25m

Dipole
spectrometer

Total samples  160(80 for train) ?é%‘;'M/
p2 \

GPSR setup Values

# of particles 100,000
# of iterations 1,000
Training time vl

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

Trainin . ] .
il - a: measurement - b: reconstruction
— Measurement b |
-------- Prediction k=-2.381/m _ __ Kk=0396T/m k= 1.58 T/m k= -2.38 T/m k= 0.396 T/m k= 1.58 T/m 10
BC ON a0 o B e
XLIN OFF g
>
1+0.8
BC ON —
XLIN ON, g
Cavity phase <=
=-228.5deg > >
ftoe62
BC ON - <
XLIN ON, S 5
Cavity phase é _8
=-213.5deg > | S
— . . _ Hoak
BC ON — A il =
XLIN ON, S ,, (7
Cavity phase £ { ] (& \ A 1
=-193.5deg > - . |
EEEEEE— e e s e e I 0.2
BC OFF €
XLIN OFF g @ i
>
3 o 3 B —— I—— . o
-3 0 3 5
X (mm X (mm) X (mm) '

PALD
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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:

mmp Can be used to predict the phase space at downstream beamline
PAL 2
&
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Resembling ground truth: Seongyeol Kim et al., Sci. Rep. 15, 43049, 2025.

Predictions using reconstructed phase space @ YAG2

Measurements Predictions
T 1.0
——Measurement § pgc QN BC ON BC ON BC ON
. 0.5 N " ----Prediction XLIN ON, -223.5 deg XLIN ON, -213.5 deg XLIN ON, -203.5 deg XLIN ON, -193.5 deg
Beam image: N
g 0.0
Measurement -
-0.8
o5 JE =260.5 MeV\)
Measurements
seee=eeeeeee Predictions . VO 062
° g
g
042
)EZCL:INOE:N 223.5d )EZ(L:INOIgN 213.5d )Ez(L:IISI)Ig:N 203.5d )EZCL:IIQ%FN 193.5d
GPSR also SUCCQSSfU"y Tcavorr o C 0 Bacavorr Y% Bcavorr 7% ) tcavorr o o
predicts independent |
downstream
measurements! .
y (mm) y (mm)
PAL 72
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Reconstructed phase space @ Q1 entrance

' 4D 6D
- Parameters . .
Reconstruction reconstruction
~ B, (M) 4.59+0.08 4.51+0.07
B, (M) 7.65+0.11 7.810.10
a, (rad) —0.55+0.02 —0.52+0.05
o:z a, (rad) 1.18+0.02 1.15+0.06
o €., (Mm mrad) 0.43+0.01 0.43+0.01
€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
g, (mm) 0.45+0.01 0.46+0.00
as (%) 0.24+0.01 0.22+0.00
Slice a5(%) 0.01 (typical)
x(on.qom) 0.2—0.0'.;3(. ?ﬁggd)0.0S _0.2y(0n-10m) 0.2 —0.0.; ?r.r(])d)0.0S -1 z((r)nm) 1 ’ 0.0 0‘.5 PALJ\?
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More information from 6D GPSR

» March 2026 measurement, preliminary analysis Longitudinal phase space: (x,y) prOJectlloon
: : . Measurement
Major change in operation 0.8
Gun phase: 33.7 deg == 36.0 deg
~ Average+std value from 15 iterations 0-6
_E Case 6D reconstruction 0.4
B, (m) 4.2840.19
0.2
= B, (m) 5.96+0.18
£ energy
8 ay (rad) -0.60+0.03 077050 —25 00 25 50 0.0
a, (rad) 0.37+0.03 . -0
< GPSR Prediction
g €.« (MM mrad) 0.57+0.011 0.8
” £,y (MM mrad) 0.45+0.013
- 0.6
Slice RMS energy spread: £ \
0.01% - 04
0.2
energy
T 50 —25 00 25 5.0 0.0
- X (mm)
-0.2 0.0 0.2 -0.050.00 0.05 -0.250.00 0.25 -0.050.00 0.05

1 0 1 -05 00 05

X (mm) x' (mrad) y (mm) y' (mrad) z (mm) PALJ?
&
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More information from 6D GPSR: x/y slice emittances

» March 2026 measurement, preliminary analysis

0.8 i —Reconstructedcurrent prbflilé R : Cor_1ventiona| slice emittance measurement @ different screen
. . . (using TCAV) Slice Emittance Scan on HL1:SCM11
0.70 —Reconstructed horizontal slice emittance| | 16-Mar-2026 08:16:04 Asymmetric
" | —Reconstructed vertical slice emittance :
] —+ Current profile
06 > Measurement: @ different screen, no postprocessing ] . -+ Hor. slice emit.
/?:3\ ) : » Halo distribution: cutout during GPSR due to poor SNR g 15 { ||
= : £
= 0.5 E
g £
C Q1 v \ |
- 0.4 I c \
2] =
0.3 . 0.5 ]
Z £
I 2 =
0.2 57| Tail \,|
_ ol —
0.1— 5 10 15 20 25
-1.5 : : .
Slice Number
Az (mm)
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*Diagonal terms are naturally 1.0

More information from 6D GPSR: dispersion, correlations

» March 2026 measurement, preliminary analysis

___________________________________________________________________________________________________________

Dispersion can be extracted: | _
Small but residual dispersion exists ! Pearson correlation (; ;) =

; coefficient: \/< X2><c X2>
*Case D recon.| o< X,

Coefficient close to +1: strongly correlated®

< X@XJ >

X' (mrad)

D, (m) —0.012 i
D, (m) —0.012 Coefficient for reconstructed phase space |
- D, (mrad) 1.4 1.000 0.516 0.673 —0.089 0.425 —0.400
E D, (mrad) 02 | 0.516  1.000 0.455 —0.430 0.152 —0.174 | |

0.673 0.455 1.000 —0.351 0.378 —0.365
—0.089 —0.430 —0.351 1.000 0.061 —0.029
0.425 0.152  0.378 0.061 1.000 —0.988 |
| —0.400 —0.174 —0.365 —0.029 —0.988 1.000

For ideal impact+elegant simulations, correlations are
typically in the order of 0.001

y' (mrad)

This information from the GPSR can be used
for the optimization of beam correlations

6 (%)

-0.2 0.0 0.2 -0.050.00 0.05 -0.250.00 0.25 -0.050.00 0.05 -1 0 1 -0.5 0.0 0.5 -
X (mm) X' (mrad) y (mm) y' (mrad) z (mm) PALJQ
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*Model calibration: currently under investigation at the PAL-XFEL
**For more information on the optimization: S. Kim et al., In. Proc. ICALEPCS 2025, Chicago, IL, USA, MOCG004 (2025)

Applications using 6D GPSR: beamline optimizations

» elegant simulation used

250 1— — ;
— B feam
i | i T i
— IR ) — , Beam
8 HL2 8 HL3 38; HL4  HBTL Py
210101 AN AN ANV AN 000N IR0~y gl
| o o | HX undulator g
fa
£.150]
@
2
=
S 100
0
ommommommmm
;wommmmmmommo ‘
O 7200 o 400 600

s (m)
GPSR-based beam diagnostics mmp optimization mmp calibrated model-based digital twin*
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Summary and future works

» Beam manipulation becomes gradually important

» Manipulation of cross-plane correlation, nonlinear chirp and double horn, final focus with
certain shape, for high-energy physics applications and high-brightness X-ray light

» 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

» Near unique solution: can represent the physical ground truth

» Optimization of the beamline using 6D GPSR results, incorporated into physics simulations

> 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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