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Synchrotron Radiation

« Radiation produced by relativistic charged particles moving along curved
trajectory
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Coherent synchrotron radiation in compressed beams

» CSR is produced when bending beam trajectory Dipole magnet

S
« Radiation emitted by tail of beam kick particles ahead / "® head

tail
of Radiation catches up

with electrons ahead
S. Di Mitri, USPAS 2015

* FEL applications need highly compressed beams longitudinally

* Dispersive lattices are used to compress the beams (e.g., chicanes)

RF cavity
‘chirps’ the bunch
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Chicane constructed from dipoles: yA
higher energy particles take a shorter path

H. Bartosik, 2022. arXiv:2201.01532
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CSR Degrades Beam Quality
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Measurement of CSR Effects

1.0

Studies of CSR effects are limited tog 0.8]
macro-scale description of beam 3 6|

| ke bade— =i = 1Y Jing et al., Phys. Rev.
f ST Accel. Beams. 2013

distribution: 3o
* Projected ¢, growth 5 s
0.0

Does not resolve detailed beam structure! s (m)
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Full picture.
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Measuring high-dimensional beam distributions

Multiple scanning slits with dipole and _ _
bunch shape monitor @ SNS (ORNL) 5D tomography with polarizable X-band TDC @ ARES (DESY)
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Streak beam at various angles and record the
projections on a screen.

Set quadrupoles to obtain desired transverse
phase-space rotations (6.}, 8,1).

: 0.8m
SHAPE 122m 6.8 m

BEAMLET

charge density
(arb. u)

Energy vs Horizontal Momentum at the Beam Core

198 m

667

Reconstruct 4D transverse phase space
X, X’ ') for each longitudinal slice.
ST 4 (% X, ¥, ¥) g — @

Reconstruct 3D charge-density distribution (x, y, t)
FARADAY Use all 4D reconstructions to obtain 5D of the bunch for all (8, 8,/) combinations.
: cup charge-density distribution (x, X', y, y’, t).

333

Energy Spread (MeV)

-0.004 -0.002 0.00¢

000 0.002 0.004
Horizontal Momentum (rad)

l screen station quadrupole @ PolariX TDS

Jaster-Merz, S., et al Proc. IPAC’22 (2022): 279-283.
Cathey, Brandon, et al. PRL 121.6 (2018): 064804.

5 million (!) measurements ~ 32 hrs 960 measurements ~ 28 hrs
Tomographic reconstruction ~ 24 hrs

» Maximum entropy tomography (MENT)
» Algebraic reconstruction (ART, SART)
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Hock K. ar;d Ibison M., JINST, 2013
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Generative Phase Space Reconstruction (GPSR)

Neural Network Proposed Initial Differentiable Accelerator Simulations
Randomly Generated Parameterized Transform Particle Distribution
Samples : Transverse Deflecting
Apei Q1 Q2 Q3 4 Cavity (vertical) Dipole
XNN%D Ve :
L
X ER A YAGL
n Focusing Scanning
- Quadrupoles Quadrupole Z-n — f(Y; kﬂ)
Y =g(X;6,) v
Reconstructed . _
. T " = argminl . :
Initial Distribution 0 Gradient calculation Simulated Screen Images Experimental Screen Images
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Optimization Step

Loss Function
N,I,J
- 1= Y (RGP - Q)

T,1,7

YV* = g(X; 9*) Image Difference

(9~ KDB(Z,) Rl

T

R. Roussel et al. PRAB 2024
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https://arxiv.org/abs/2404.10853

GPSR Scan

OFF/ON OFF/ON

5 quad strengths

Total training images: 20
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GPSR Scan

ki (1/m?) -10.0 5.0 0.0 5.0 10.0

5 quad
strengths

OFF/ON OFF/ON

T.0.C.: on
DIPOLE: off

T.0.C.: on
DIPOLE: on

R. Roussel et al. PRAB 2024
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https://arxiv.org/abs/2404.10853

Experimental 6D GPSR at AWA

Magnetization due 1 | ! | | | ki (1/m?) 2.2 -0.7 0.7 2.2

to solenoid focusing

T.D.C.: off
DIPOLE: off

y (mm)

py (mrad)
0.0
T
o
wv
Normalized particle density

px (mrad)

y (mm)

« 20 measurements
* 15 minutes analysis time
* No pre-training neede

py (mrad)

Z (mm)

T.D.C.: on
DIPOLE: on

y (mm)

R. Roussel et al. PRAB 2024
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https://arxiv.org/abs/2404.10853

CSR at the Argonne Wakefield Accelerator
Argonne &

NATIONAL LABORATORY

' Zg J=

' iz, R » Generate a beam influenced by CSR

In double dogleg

« Measure phase space after 4t dipole
with beam diagnostics

% ICT Spectrometer
1
Gun, solenoid |E| B3 - |!| . 0 .‘ IEI . YAG
magnets uadrupole YAG
W% N Linac cavities Qmac;.]ngtsl L . j
| | [ 1 | 1 [ 1 | )
MIRII | LLLLLLLS LU L .'.. m diagnose
Beam YAS / CSR effects
1 nC, 43 MeV generate CSR effects

Adapted from N. Majernik et al., PRAB, 2023.
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Simulated CSR Effects: E — z and x — p,

B3

B4

ICT
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T.D.C.:
DIPOLE:

T.D.C.:
DIPOLE:

T.D.C.:
DIPOLE:

T.D.C.:
DIPOLE:

Simulated GPSR Training Data
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1.2

2.5

Diagnostics lattice
OFF/ON OFF/ON

Screen sizes: 30mm

2025 Juan Pablo Gonzalez-Aguilera

14



g
[\
i \‘ z (mm)
/ \‘ 044 (a) — -1.82
/ \ — -1.45
A — -1.09
z 021 — -0.73
. —— -0.36
3 o 0.0 ~—— 0.00
£ = 0.36
= 0.73
~0.2 - 1.09
&x=32.6 mm mrad &x=33.3 mm mrad 1.45
'fﬁ _04 I 1 I I I 1 182
Al -10 0 10 ~10 0 10
’,i \‘ x (mm) x (mm)
| d truth |
/ \ ground tru reconstruction
J %
o 50" percentile reconstructed
_ hY 50t percentile ground truth
X f1\\ .
& \L — = = 95" percentile reconstructed
b ———  95th percentile ground truth
/
.—10 0 10-0.5 0.0 0.5 -5 0 5 -0.2 O.IO . ,
x (mm) Py (mrad) z (mm) Pz (%) Gonzalez-Aguilera et. al., Proc. IPAC'24

[m} THE UNIVERSITY OF 2\ Tecanmi |
& CHICAGQ | DEPARTMENT OF PHYSICS | ENRICO FERMI | X 59 Sty Bl Gonza|eZ_Agu”era s
7

INSTITUTE


https://doi.org/10.18429/JACoW-IPAC2024-WEPG94

Dispersion dominates for larger energy spread
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Experiment data

k’] {lfmzj

Full beam (1nC)

Expect: significant CSR effects
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dm) THE UNIVERSITY OF

505
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Masked beam (0.05 nC)
Masked along x before first dipole
Expect: less CSR effects
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Experiment full beam (1 nC)
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Py

Experiment masked beam (0.05 nC)
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Conclusions

* Experiments at AWA look promising
» Reconstructed beam show indication of CSR effects at 1nC
« Must compare with more accurate simulations

« GPSR can reconstruct structure of CSR-affected beams
 Fast
 Accurate
e Detailed

« GPSR is a very powerful tool
» 6D phase space information gives the full physical picture
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Thanks! Questions?
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Bckp, reversing quads

Spectrometer
(EDS) IcT ED4

0 -;noum-
EYG7% .

EYGS8

1-10 nC

« <+<— Beam
43 MeV Gun solenoid

Quadrupole magnets

Magnets 4 - 7 Linac cavities E E
| |

ml D

| |
Reversing quadrupoles: now behaves as a
compressor, removing most of dispersion
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Bckp, CSR-induced emittance growth

CSR-Induced Emittance Growth: Naive Picture

O At any point of emission/absoprtion, particle's transverse coordinates do not
change: Ax=0, Ax'=0. Since the emission happens in an energy-dispersive region,
it implies Axz=-Ax,. That is, the particle starts B-oscillating (Axz) around a
new dispersive trajectory (-Ax ).

New dispersive
trajectory,

xn,pho’r = xn + nsphot

Initial betatron

o Initial reference
oscillation, xp

(dispersive) trajectory, x,

QO Once m, is zeroed, e.g. At the exit of a symmetric chicane, the CSR-induced f3-
oscillation remains: the beam as «gained» a non-zero C-S amplitude which sums
up to its initial emittance.

x" — x trace space of different slicesj(chirped) X' — x trace space of different slices (chirp removed)
USPAS June 2015 S. Di Mitri - Lecture_We9 4
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Bckp, NN Generator

» 6D phase space distribution parametrization that is

— flexible
— learnable

Randomly Generated
Samples

X ~ N(0,1)
X € R

H

Neural Network
Parameterized Transform

X

g(z;0;) : R® — RO

Proposed Initial
Particle Distribution

e

Y:g(X;Ht)

Fully connected NN with ~ O(1k) parameters
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