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Outline

ARES - ultra-short low emittance electron beams

« Facility overview

« Beam commissioning status

ACHIP@ARES

« Collaboration
« Experiment
« Simulations
Status
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The ARES linac at DESY

Layout & goals, courtesy T. Vinatier

> ARES goal: Generate and characterize Target value

ultrashort e bunches (fs to sub-fs)

with high stability for applications CIEIEE 0.05 -200 pC 0.03 —200 pC

related to accelerator R&D (advanced & Momentum 50 — 150 MeV/c 50 — 160 MeV/c
compact !ongltudlnal diagnostics and Momentum spread 10 104 (resolution limited)
accelerating structures development, _

medical applications studies, test of new Transverse emittance* < (0.8 mmm.mrad = 0.15 m.mm.mrad
accelerator components, machine Duration Sub-fsto=10fs = 20 fs (resolution limited)
learning, etc.) and beam time for external

users.

Traveling Wave Experimental Bunch High-energy Diagnostics
Structures (TWS) Chamber Compressor with 2 PolariX TDSs
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Ho:YLF amplifier laser system for DLA experiments

2050nm Q-peak Prototype Amp. System
% | % - diagno:tics out;:ut SA
i % OBPF PZTM
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Ho:fiber
¥ oscillator

rejection

4 pump in

Output —E—

. - pump
~10s fs jitter in

cathode and DLA Courtesy H. Cankaya
laser

Murari K., et. al., “Kagome-fiber-based pulse compression of midinfrared picosecond
pulses from a Ho:YLF amplifier.” DOI:10.1364/OPTICA.3.000816 (2016)

Murari K., et. al., “Intracavity gain shaping in millijoule-level, high

gain Ho:YLF regenerative amplifiers.” DOI:10.1364/0OL.41.001114 (2016)

C. Mahnke, et al., "Long-term stable, synchronizable, low-noise picosecond Ho:fiber
NALM oscillator for Ho:YLF amplifier seeding," Opt. Lett. 47, 822-825 (2022)

M. Titberidze, et al.,”"FIRST RESULTS ON FEMTOSECOND LEVEL PHOTOCATHODE
LASER SYNCHRONIZATION AT THE SINBAD FACILITY”, IBIC2019, Malmd, Sweden
] S. Pfeiffer, et al.,"LLRF CONTROL AND SYNCHRONIZATION SYSTEM OF THE ARES
Expected eff. Gradient ~450 MV/m FACILITY, IPAC2021, Sao Paulo, Brazil

; ; ; — A.-L. Calendron et al., "Optical synchronization of a 2 pm Ho:fiber oscillator and phase-
Maximum acceleratmg field ~0.5 GV/Im noise analysis," 2022 Conference on Lasers and Electro-Optics (CLEO), 2022, pp. 1-2.
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Beam commissioning status

Bunch duration measurement: future steps with PolariX TDS, courtesy T. Vinatier

» PolariX-TDS: Transverse deflecting structure operating in X-band (= 12 GHz), with down to sub-fs resolution

and the novel feature to allow for arbitrary streaking direction - allow for complete tomographic
reconstruction up to 5D (x,x’,y,y’,1).

Centre of first cavity Centre of second cavity

o =073 fs oo = 1.07 5
o = 0.74 fs o =107 fs
oS = 062 fs o =102 fs

Variable polarization
of the streaking field
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Streaked
beam

Screen
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From P. Craievich et al., Phys. Rev. From D. Marx et al., Scientific reports 9,
ST Accel. Beams 23, 112001, 2020 19912. 2019

» Status at ARES: 2 structures and waveguide network installed in the beamline, modulators at DESY, waiting for
the klystrons to start conditioning/commissioning (first klystron expected first quarter 2023).

Collaboration between CERN, DESY and PSI: A. Grudiev, CLIC-note-1067 (2016); P. Craievich et al., PRAB 23 112001 (2020);
B. Marchetti et al., Sci. Rep. 11 3560 (2021).
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ACHIP@ARES
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[1] Peralta E. A, et. al., “Demonstration of electron acceleration in a laser-
drive dielectric micro structure”, Nature 503, 91-94, (2013)

[2] Breuer J., et. al., “’Dielectric laser acceleration of nonrelativistic electrons
at a single fused silica grating structure: Experimental part.”, PRSTAB 17,
021301 (2014)

2um

DUAL LAYER GRATING!'
SINGLE LAYER
GRATING2
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ACHIP

« Collaboration comprised of multiple national laboratories and universities

« funded by the Gordon and Betty Moore Foundation
« Time frame: 10/2015 — 02/2023

== UNIVERSITAT

FOUNDATION UNIVERSITY

FRIEDRICH-ALEXANDER
ERLANGEN-NURNBERG

B TECHNISCHE

s XTECHX
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el A h NATIONAL

ACCELERATOR
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High gradient electron beam acceleration
and phase space manipulation in
micrometer scale dielectrics — but: small
apertures, short acceleration buckets

achip.stanford.edu
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Dielectric laser accelerators

rating- DLA: electromagnetic fiel
Grating-type electromagnetic fields Micro structured fused silica
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ACHIP@ARES - schematic

ARES - S-band photo-injector and linac for electron bunches

diagnostics, beam
0.013% and 0.016 deg for the RF probe signal rms stability matching ? screens

gun TW1 TW2 r/ \h
N N >
Spectrometer dipole

\ 4
Sync. | | Sync. — RF stations
83.28MHz 41.65MHz chamber,
interaction point
master oscillator with DLA
Photocathode DLA 2.998GHz
laser laser Goals:
~10s fs jltter in cathode and DLA laser o H|gher transmission (2050nm |aser)
« ~GV/m peak acceleration fields
« Hit the bucket (fs electron bunches)
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ACHIP@ARES - simulations — short bunch “stage 1”

DLA interaction at IP
Scattering in dielectric from G4Beamline

Beam through the aperture : :
simulation
6004 | 99.96MeV@ldeg ] | 99.85MeV@45deg | [ 99.72MeV@9Ddeg | | 99.66MeV@135deg 25000 -
£ 400 ] ] | 0= - - -
5 —0.10 —0.05  0.00 0.05 0.10
3 o
0 ‘ ” ' Il ' | 25000
0- . . . 0L . . .
—0.10 —0.05  0.00 0.05 0.10
600- [ 99.60MeV@180deg | [ 99.80MeV@225deg | | 99.93MeV@270deg | | 99.99MeV@315deg }r?
50000+
£ 400, 1 - 1 Energy gain
3 0- . : :
- —1.0 =05 0.0 0.5 1.0
A pin [MeV /c]
0 . : : . Bremsstrahlung, ionization losses
—0.5 0.0 0.5 —0.5 0.0 0.5 —0.5 0.0 0.5 —-0.5 0.0 0.5

A E [MeV] A E [MeV] A E [MeV] A E [MeV]
* Bunch length of 1.6fs FWHM, but arrival time jitter is larger than laser period

« 300 keV maximum energy change with 1.5 ps, 1.9 mJ laser pulse
« If mean bunch length is shorter than wavelength, bunch length can be estimated from several spectra
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ACHIP@ARES - simulations — microbunching “stage 2”

Simulation of Microbunch trains for DLA

. _ _ _ Undulator is already assembled
Scheme alike HGHG in FELs - maximum bunching factor < 0.6

Phase control like RF - phase scan
Reduces timing jitter to laser phase stability between laser arms

Beam from Linac Modulator

Magnetic chicane DLA

Injection

Beam splitter

Longitudinal
phase space

Energy modulation  Density modulation

Sears C. M. S. , "Phase stable net acceleration of electrons from a two-stage optical accelerator.” DOI:10.1103/PhysRevSTAB.11.101301 (2008)
Mayet F., et. al., "Simulations and plans for possible DLA experiments at SINBAD." DOI:10.1016/j.nima.2018.01.088 (2018)
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ACHIP@ARES - simulations — microbunching “stage 2”

Simulation of Microbunch trains for DLA

B Before DLA
m After DLA

 Expected spectrum contains tail due to limited 20000
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ACHIP@ARES — experiment status

« Goal: High transmission / stable energy modulation (100s of keV), repeat/improve on previous relativistic experiments
* Initial Parameters:

* “Long” e-bunch - 250fs rms, triple on-crest working point (154 MeV)
* “Long” 2 ym laser pulse - 1.25ps rms, no pulse front tilt

* Low charge - ~300fC initial

Previous relativistic experiments:

S. Crisp, et al., Phys. Rev. Accel. Beams 24, 121305, 2021, doi:10.1103/PhysRevAccelBeams.24.121305
D. Cesar, et al., Opt. Express 26, 29216-29224, 2018 doi:10.1364/0OE.26.029216

D. Cesar, et al., Commun Phys 1, 46 2018, doi:10.1038/s42005-018-0047-y

E.A. Peralta, et. al., Nature 503, 91-94, (2013)
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ACHIP @ ARES — experiment status

« Small beam size achieved

« Asymmetric focus achieved

e on-crest working point
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Wire scanner measurement

Quad scan result

Quadrupole Strength (m~-2)

Big thanks to Benedikt, Pavle and Rasmus!
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Wire scanner: B. Hermann et al., Phys. Rev. Accel. Beams 24, 022802, 2021
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Angle (deq)

ACHIP @ ARES — experiment status

Position scan using the SmarPod - Charge on downstream DaMon

Transmitted Charge (%)
05 ? 31.5 0.16 -
0o 268:0 0.14 -
24.5 - i
21.0
~05 < 0.10-
175 °g” e
40} . i
-1.0 140 S
0.06 -
5 10.5
' 0.04 -
7.0
-2.0 35 0.02 A

1 0.0
-0.3 -0.2 -0.1 0.0 0.1

Position (mm)

Position and angle scan using the
SmarPod 6D Positioning System

GORDON AND BETTY
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—0.0420

Beam not
hitting the
sample or
holder

—0.0415 —0.0410 —0.0405 —0.0400

Beam PasitonAm) Beam hitting the

hitting the  Transmission metal sample holder
DLA SIO, throughthe 1l mm - Blocked

substrate  long 1 um wide
- Some  aperture!
scattered

electrons

detected
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ACHIP@ARES - experiment status

Transmission transported downstream to spectrometer

pde_spectrometer_panel.xml SINBAD.TEST/SINBAD.EA1/PDE_MOMENTUM/

High Energy Spectrometer

Values shown here are only valid if the beam is actually on the spectrometer screen!

Momentum at peak intensity:  153.92 MeVic Take reference spectra:

I NORMALIZATION ON !!

Advanced Features
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ACHIP@ARES - experiment status

_ Incident angles < 1mrad
Laser aligned to DLA

1e6 at x = 35.00 1e6 at x = 35.00
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ACHIP@ARES — experiment status

« Timing setup on the 45° observation port of the experimental chamber After that: Fine scan in a shorter
window with fs precision possible

» Electron signature: Cherenkov radiation — Laser: Direct detection of scattered light via the laser sync

Low-noise precision delay 0.4
generator (SRS DG645)

-> Will give us timing on the 10s of ps
scale; then we will use the laser sync.

Electrons
Laser

Laser +300 ps
Laser -300 ps

0.3 1

0.2

0.1 A

Signal (arb. unit)

0.0

-0.1 T T T T T T
4.520 4.521 4.522 4.523 4.524 4.525

Time (us)

Electron

signature Laser pulse

P [
»

Relative timing we want to know!

3D-printed holder %
« 3-lens optics

MCP-based gated intensifier Ty
Triggered camera

ceel == MOORE ¢+ SINBAD Time
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Summary

 ARES commissioning has been successful and continues towards sub-fs bunches

« Almost all design electron beam parameters demonstrated

« Two successful ARIES transnational access runs, machine learning experiments, electron imaging, dosimetry
towards medical applications, high precision electron beam diagnostic devices

« PolariX transverse deflecting structure commissioning starting Q1 2023

* DLA experiment

« Spatial and temporal overlap of laser and electron beam has been established

« Will continue as soon as pump laser for the 2um amplifier system is repaired

« After base line experiment the short electron bunch experiment (“stage 17) will start
» Installation of laser modulator in Q1 2023

« Later on microbunching experiment (“stage 2”) will start

GORDON AND BETTY
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Thank you for your attention!
Questions?
Acknowledgments:
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Current hardware status & perspectives, courtesy T. Vinatier

The ARES linac at DESY
» Beamline installation almost completed (hardware point of view). Several locations for experimental program.
» Still ongoing: First klystron for PolariX TDS expected beginning 2023; BPM calibration; Upgrade of in-air

experimental area.

Traveling Wave

-
Gun
. .
Gun  piagnostics  Structures
=
] | 3:Camera System
=
D ot
s PR
7 XY 3 £ y 4: Window
2: Vacuum X, N \
). SmarPod v
+ Target Platform
0: Electron Output | o T
& CEEE Y
Q)
5: SmarPod Cable b 2
Feedthrough | L
= 8 o
== [\ |
o é:‘:"@qmm%

Smaract hexapod, beam diagnostics, UHV requirements.
GORDON AND BETTY

CFEL w2

DESY.

| 1:Electron Input

" 7. Fiber Feedthrough

" 8+9:DLA Laser

High-energy Diagnostics
with 2 PolariX TDSs

50um titanium
window

Integrating current

transformer
i
\ |

L

Schitillator and
photo multiplier tube
downstream

Experimental
Chamber

Equiped with exit window, wire scanners (both
planes), screen and ICT. Upgrade with quadrupole
triplet and steerers planned.

In the dispersive section Equiped with
mover. No UHV requirements.
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Experimental program

During first quarter of 2022, ARES delivered beamtime to 2 external users as part of the ARIES TNA program:
Irradiation of diamond sensor for damage study (EPFL) & Micro wire-scanner measurements (PSlI)

Hist: doocs:/facclksisry04:61 049801 0/SINBAD. UTIL/INTEGRATOR/CHARGE. THA/INTEGRAL

12h 7.4 12h A 12h 9. 4. 18h
6.4.2022 2022 7.4.2022 2022 8.4.2022 2022 9.4.2022

(arb. unit)

Around 4 days continuous
beamtime to irradiate a
diamond piece with a 100
pC beam (3.5%108 pC total
charge). Excellent stability
during the irradiation >
No momentum adjustment 8 s it A .
and almost no position £ Fum) £ um xtom)

adjustment required. Micro-wire from PSI installed in experimental chamber and tested in TNA

run. Still in place and allows for transverse size and emittance

B measurements of um-scale bunches.
CPEL i MOORE S I N BA D | ACHIP @ ARES | ‘\{vﬁ Kuropka | AAC 2022 | November 2022 Page 22
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INNOVATION &
TECHNOLOGIE
TRANSFER _

Experimental program

New opportunities for medical research: A chance for DESY to steep deeper
iInto medical applications of accelerators (F. Burkart)

» Up to 160 MeV high precision electron beams for research & development.
- Cutting-edge stability of the electron pulse energy
+ Excellent beam control

» Easy access and a lot of space.

» Ready for first VHEE and medical experiments.

—> Started to adapt ARES to the needs of medical research.

—> Setting up collaborations and infrastructure.

» Collaboration with UKE Hamburg started to study novel cancer
treatment methods (Prof. Dr. Kai Rothkamm, Dr. Nina Struve & al.)

- Diagnostics (dose measurements) development.
+ First benchmarking of simulations.
+ Studies on medulloblastom treatments.

Mouse phantom for electron CT studies

ql ND BETTY
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. Autonomous
Experlmental program accelerators
workshop with
collaboration
partners from KIT

State of the art beam controls & diagnostics
* Machine learning towards autonomous accelerators

Kicker magnet tests

Beam position monitors e — * s synchronization .
‘; « PolariX Transverse deflecting structures
* High-resolution screens
Test components for big user machines .

0.0712
Advanced accelerator components R&D 0.0640
0.0568

0.0496

» Intensity monitors development

« Vacuum windows

« High stability infrastructures (LLRF, ...)
« 3D printing of components

* Prototyping

« Photocathode Laser development -4 -2 0 2 4 0.0064

Centroid position x (mm)

0.0424
0.0352
0.0280

Centroid position y (mm)

0.0208

0.0136

i
345 : |

High-resolution cathode diagnosti
DESY CFEL ﬁ MOORE SINBAD Ign-resoiution catnoade diagnostics
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Experimental program

Weekly beamtimes at ARES allow testing and evaluating of the
latest developments directly on a real accelerator.

Current Status

Reinforcement learning agents trained and evaluated for
optimising magnets to achieve beam parameters set by operator
in the ARES Experimental Area.

Achieved beam comparable to human operator, but 4x faster.
Automated alignment of the beam to multiple quadrupoles using
numerical optimisation.

Perspectives

Apply similar agents to other sections of ARES where beam
parameters can be optimised on a diagnostic screen.

Combine reinforcement learning agents to achieve fully
autonomous beam threading through ARES.

Faster beam-to-quad alignment by training reinforcement learning
agents to do the alignment.

Checkout poster on Reinforcement Learning for Particle
Accelerators!

GORDON AND BETTY
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Vertical steering magnet Camera looking

Quadrupole steering magnet at diagnostic screen
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Experimental program

TWAC: 4 years project (04-2022 - 04-2026) aiming to develop a prototype towards a compact hybrid accelerator
(conventional RF + THz-driven structures) delivering low-energy (~ 10 MeV) and high peak current bunches (~ kA).

Coordinator Partner laboratories Industrial partners EIC Pathfinder funding

\ PECSI TUDOMANYEGYETEM Funded by
» \,/ & UNIVERSITY OF PECS 'l' RadlaBeam the European Union
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Momentum (MeV/c)

Beam commissioning status
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Long-term momentum stability at ARES: 43.7 keV/c std at 156.22 MeV/c = 2.80*10% over 62 hours (1 shot per min recorded)

The numbers are upper limits, since not yet decorrelated from position jitter. Moreover, no feedback is active on the accelerating
structures (only output vector correction) and no drift compensation monitor is active on TWS2 - Room for further improvement.
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Beam commissioning status

Current status & objectives, courtesy T. Vinatier

» Commissioning phase still ongoing. Most of
the ARES target bunch properties have
however already been demonstrated.

» Only the single-digit to sub fs duration has
not yet been measured (resolution limit).
The upcoming PolariX TDS should remedy
to this.

» Work ongoing on discrete beam position
feedback. It will greatly help to investigate
the real momentum stability.

» Magnetic bunch compressor currently under
commissioning.

» 8 beam position monitors along the

beamline under commissioning

» STRIDENAS detector under commissioning
for very low charge diagnostics.
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ACHIP@ARES - simulations — short bunch

* Velocity bunching in TW1
* Acceleration on TW2
* Quadrupoles for asymmetric focus

Charge

Mean Energy
Energy spread rms
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ACHIP@ARES - simulations — microbunching “stage 2”
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Microbunches ~500 as FWHM

with bunching factor ~0.53 dz [um] Courtesy F. Mayet
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What DLAs are good for

See PDF

https://opg.optica.org/viewmedia.cfm?r=1&uri=CLEO_SI-2020-SW4G.4&seq=0

GORDON AND BETTY
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Short-bunch experiment at ARES

Dielectric gratings as particle beam diagnostic
PIC simulation data

1.0 1.0 fs
1.25 f= power current

— (0.9 radiated D spectrum

.i. “-""-. %* %

§ 0.8 1 1 ;‘_ 2 1 grating
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g"[} T detectors Non-transparent separation

=

=

3 oL,

= 0.5 9.75 fs N >

current profile
3.0 fs
0441, . . .
0.4 0.6 0.8 1.0
current amplitude [a.u.]
Smith-purcell radiation generation experiment using the same  Several gratings with different periods in longitudinal
setup direction
2 um grating passed by bunch of varying bunch length «  Compact, potentially inexpensive, passive device for fs-
resolutions

« Potentially single shot for high current beams like FELs
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Backup - DLA beam position monitor

Radiation from an electron bunch
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K. Soong, et. al., Proceedings of PAC2013, MOPAC32
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