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Lasers and photocathodes team at CERN
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+ X-band technology

*  Bunch compression

* Advanced beam dynamics
* Plasma lens, AWAKE...

+  Wakefield physics

* Radiation studies
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Currently operative electron sources at CERN

monitor

Cs,Te Cs,Te / Cs;Sh
Fhor]toclathode 2 2 3 cu Cs,Sb Mo
echnology In-sity Load-lock KCsShb Plasmonic
Quantum
efficiency 1-5% 5-20% 0.01% 1-20% 0.01-0.2%
Charge 7 nC/bunch 1nC 400 pC 10s nC
production 150 bunches Single bunch Single bunch Single bunch
Laser Nd:YLF Ti:Sapphire Yh:KGW (Pharos) Nd:YAG
driver 1uJ, 4.8 ps 0.2ud, 1.2 ps 400 uJ, 200 fs 7mJ, 8 ns
Use User beamtimes Witness, SM Witness, AWAKE production
CLEAR AWAKE run 1-2b AWAKE run 2c
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CLEAR user facility electron beamlines
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Laser systems at CLEAR
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Beamtimes

Photoinjector
Issues

uptime

JUAS

Neutron monitors
(Politecnico di
Milano, PSI, ELI)

Real-time
dosimetry (Oxford)

Beam scatterers

LUXE beam profiler
detector (INFN
Bologna)

No issues

100%

Example: operation during 2023

LUXE beam profiler
detector (INFN
Bologna)

Passive dosimetry

Beam scatterers
(Oxford)

Bergoz wall current
monitor

Plasmid irradiations
(Manchester)

CHUV FLASH

6 h down due to
laser chiller

98%

CHUV — FLASH

FCC Bunch length
monitor

VHEE UHDR
(University of
Victoria)
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(Oxford)

CLEAR MD

Laser amplifier
failure 6 hours

98%

Cherenkov BPMs
(INFN Bologna)

EO sampling

Quartz fiber
detectors

CLEAR MD

Laser
synchronization
downtime ~6 h

98%

35 beam-times in 2023 (mostly external users), typically 70 h/week

LHC dielectric
Cherenkov
detectors

FCC-ee Bunch
profile monitor

(KIT)

Real time beam
dose monitors
(Oxford)

No issues. Laser
maintenance
performed

100%

Laser up-time total ~6500 h, down-time ~27 h (up 99.6%). Laser available 24/7 usually

Plasma lens
(University of Oslo)

VHEE scatterers
dosimetry (Oxford)

Laser oscillator
refurbished during
summer downtime

100%

New front-end laser based on programmable Electro-Optic (EO) comb currently under construction
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CLEAR photocathode rejuvenation

Sector valve  RF gun

- . ; 8 .
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Homogeneity of rejuvenated cathodes

e Palma’s poster:
b Spectral response and quantum efficiency of rejuvenated Cesium 2
Telluride photocathodes for high average current photoinjectors ;
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New CLEAR photoinjector laser

Adaptive optical
element

Input beam
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Electro-optic frequency comb laser system
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Gigapico Burst Mode:

Wavelength (Yb): 1030 nm

Average power: 40 W

Maximum burst energy: 1ml)

Maximum pulse energy: 10 W

Pulse repetition rate : 0.25 GHz to 18 GHz

Burst repetition rate: 50 kHz to several MHz
I(t) Pulse duration: 800 fs to 2 ps

Number of pulses per burst: 10 to several 1000

CERN
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Electro-optic frequency comb development status

Prototype under construction in
Photoemission lab

90% of required items already procured

Many recycled items from CLIC:
CLIC burst amplifier,
CLEAR booster amplifier,
CLIC harmonic conversion stages,
Amplitude modulators and fiber systems for phase-coding project.
Optical elements

Pulse picker from PHIN

Synergy with developments for Gamma
Factory PoP experiment at SPS and Compton
polarimeter for FCC-ee.

Fully programmable system: Can also
simulate FCC-ee electron bunch structure.
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ICS X-ray sources program at CERN

1-12 GHz rep rate Electro-Optic frequency combs

~

Gpt. Express 30, 10605-10613 (2022)
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Pulse duration / Rep Rate ' 4 ps /1.5 GHz

Pump power (burst) 20 kw

Train duration 250 us

# pulses/train 375,000

Train rep rate 5Hz

Average Power 10w
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“An Efficient Optimisation of a Burst Mode-Operated Fabry-Perot Cavity for
Compton Light Sources”, doi:10.18429/JACoW-FLS2023-TU1C1 (2023)
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Advanced Wakefield Accelerator Experiment (AWAKE)

Accelerated electron

AVVAKE—
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Advanced Wakefield Accelerator Experiment (AWAKE)

Proof-of-principle experiment: wakefield plasma
acceleration using a proton bunch as adriver, a

world-wide first.

It demonstrated acceleration of a low-energy
witness bunch of electrons from 15-20 MeV to
several GeV over ashort distance (~10 m) by
creating a high acceleration gradient of several

GV/m

Our contribution:

. UV beam generation, delivery, and photocathode,

diagnostics.
. IR beam delivery for plasma generation, diagnostics.

. Experimental and laser support

Electron source system e
Y Accelerated electrons on the scintillator screen

Laser beam 20-MeV
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Nature volume 561, pages363-367 (2018)
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Advanced Wakefield Accelerator Experiment (AWAKE)

Electron bunch seeding:

|

2028 Electron source system
g - Modulates entire proton bunch with phase reproducibility
i , ' RF gun ) c) e Laser q) e Laser
T ol 15t plasma cell: NEW: higher energy Bunch | | Pulse Bunch | | Pulse
‘( { y o — self-modulator Electron source system .
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el -
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Laser beam \//\L\N
NEW: back-propagating _— \‘
Goals: S
Accelerate an electron beam to high energy (gradient of 0.5-1GV/m) ’ ‘ .
Laser

Preserve electron beam quality as well as possible (emittance preservation at 10 mm mrad level)

Demonstrate scalable plasma source technology (e.g. helicon prototype)
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AWAKE photocathode production - Photoemission lab

(a) cathode plug

>25 years producing cathodes Cs + Kihickness  heater (R

monitor

Fabrication, lifetime studies, characterization

laser systems
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Past experiences

Normally Cu, Mg 10°- 104
conducting metals

Super-conducting Nb, Pb 10°-10%
metals

Positive electron Cs,Te, Cs3Sh, 0.1-0.2
affinity K,CsSb

semiconductor ...and others...

Negative electron GaAs, etc 0.1-0.35
affinity

semiconductor

= Metals

Low quantum efficiency -> requires high power lasers -> plasma is formed

Robust and simple

= Semiconductors

CERN
\\
~

High quantum efficiency at extended wavelength range.

More difficult to maintain — x-rays and ions can cause decomposition and
surface damage, vacuum...

Cs,Te is quite standard, but requires UV

E. Granados | EWPAA 2024 | 17.09.24

NC-RF Low Rep rate FELs
(LCLS,
SwissFEL...)
uv SC-RF High Rep rate FELs
Visible — UV NC-RF, DC FELs, ERLs
IR — Visible DC (XHV) Polarized sources,

ERLs (ALICE)

= CERN Photoemission lab

Cs,Te photocathodes (UV, high QE) — current workhorse for
AWAKE and CLEAR guns.

Bi-alkali photocathodes (green, high charge) — proposed for
CLIC.

Cu cathodes for single bunch RF guns

NEW: Plasmonically enhanced metal photocathodes.
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Co-deposition process

» Co-deposition: Cs and Sb (or Te)
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Photocathode transport and characterization (XPS)
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Photocathode transport and characterization (XPS)

RF gun
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Re-analyzing 20 years' worth of photocathode growth data

To dig deeper into this analysis, we analyzed the thickness at different “windows” of the stoichiometric deposition ratio

We observe a clear trend when the “window” is narrowed to a range of 1.9 — 2.2. When the percentage of the total thickness at

this “window” is higher, the measured QE also increases.

Co-Deposition Photocathodes Production at the CERN Photoemission Laboratory
from ~mid 2001 to 2016
Laser Wavelenght: Cs,Te A = 266 nm / Cs,Sb A = 532 nm
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Plasmonic photocathodes - Motivation

“The goal is to investigate such surface-plasmon assisted photoemission with a view on
simplifying the photocathode production.”™

Current technology uses Cs,Te photocathodes:

« Complex deposition fabrication process. Hard to achieve reliability.
* Requirements for UHV, limits lifetime of cathodes.
« Photocathode exchange process is complicated and slow, impacting operations.

The aim Is to be able to use metallic cathodes for some injectors that don’t require
excessively large QE at CERN, avoiding semiconductors with all their disadvantages.

By-products:

Overall enhancement of QE for any photocathode technology.
« Possibility of spatially tailoring the emission characteristics of photocathodes via surface morphological features.

“The results of this project will have a positive impact for future projects at CERN (FCC, LHeC,
etc) and beyond, such as for FLASH radiation therapy, FEL development and others.”
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The role of nanoscale photon-electron interactions

Electron sources and emitters Acceleration of charged particles

Laser

¥

-
Electrons =~ = = = " " " ey

i P
.

' b = =h «b wp = apl __ 2
Phys. Rev. Applied 12, 054057 (2019) Nature 475, 78-81 (2011) Nature 503, 91-94 (2013) Nature 622 (7983), 476-480 (2023)
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Diagnostics of electron and photon beams Mitigation of secondary electron effects
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Simulation of plasmonic effects in nanostructured metals
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Hot electron emission from nanospheres
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= The work function (W) for most metals is in the DUV wavelength range (200-250 nm)
= Spheres are well suited for moderate field enhancements and electron temperature, preventing LIDT

= Easy to regenerate in-situ.

M. Martinez-Calderon, et al. "Hot electron enhanced photoemission from laser fabricated plasmonic photocathodes™

E.Granados | EWPAA 2024 | 17.09.24 Nanophotonics, vol. 13, no. 11, pp. 1975-1983 (2024)



Nanosphere size distribution for each photocathode
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M. Martinez-Calderon, et al. "Hot electron enhanced photoemission from laser fabricated plasmonic photocathodes™
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Laser fabricated plasmonic photocathodes
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Performance of laser-produced plasmonic photocathodes

Photocathode characterization beamline
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Performance of laser-produced plasmonic photocathodes

A =800 nm
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= CEIT’s photocathode shows consistent spatial distribution, but only 5x enhancement
|OM’s photocathode: wasn'’t possible to spatially resolve the checkerboard, but 25x enhancement

= Assessment of surface composition was realized with XPS, pointing at oxidation issues during laser treatment

M. Martinez-Calderon, et al. "Hot electron enhanced photoemission from laser fabricated plasmonic photocathodes™

Nanophotonics, vol. 13, no. 11, pp. 1975-1983 (2024)
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Laser nanomachining station at CERN
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In general, very heterogeneous results with 257 nm
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B. Groussin, et al. “Copper Surface Treatment with deep UV Ultrafast Laser for Improved Photocathode Photoemissive
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Highly efficient copper oxidation with DUV laser

Ey DUV pulse ,
/ 0, 20
Photodissociation

oxidation
4Cu* + 202~ - 2Cu,0

copper substrate

B. Groussin, et al. “Efficient Composite Colorization of Copper by Spatially Controlled Oxidation with Deep-UV Ultrafast

E.Granados | EWPAA 2024 | 17.09.24 Lasers" Advanced Optical Materials, vol. 12, no. 2302071 (2024)



Highly efficient copper oxidation with DUV laser
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Highly efficient copper oxidation with DUV laser

Thin oxide film reflectivity
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Centroid of reflected spectrum perdiocally shifts with oxide thickness
Absorption eventually makes the spectrum converge to typical green oxide.

Weighiting in the human eye response a similar trend is observed,

consistent with experiments.

B. Groussin, et al. “Efficient Composite Colorization of Copper by Spatially Controlled Oxidation with Deep-UV Ultrafast
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Machining of copper with nm resolution
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= Good prospects for nanomachining of copper with 10s of nm accuracy
= Oxygen content depends mostly on integrated dose D, whereas machining depth is more correlated to
laser fluence.

= Possibility of ‘erasing’ colors by rastering laser at high speed over the surface.

B. Groussin, et al. “Efficient Composite Colorization of Copper by Spatially Controlled Oxidation with Deep-UV Ultrafast

E.Granados | EWPAA 2024 | 17.09.24 Lasers" Advanced Optical Materials, vol. 12, no. 2302071 (2024)



Silicon free-electron light sources
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High aspect ratio Silicon nanostructures using DUV pulses
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E. Granados. et al. “Highly Uniform Silicon Nanopatterning with deep-ultraviolet femtosecond pulses”, Nanophotonics (2024)
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High aspect ratio Silicon nanostructures using DUV pulses
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High aspect ratio Silicon nanostructures using DUV pulses
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High aspect ratio Silicon nanostructures using DUV pulses

Lateral distance [nm]
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Conclusions

The direct laser fabrication of nanostructures over a range of materials opens new avenues to

produce, accelerate and measure charged particle beams at the CERN accelerator complex

Photoemission enhancement via hot electron production in laser-produced nanostructures
= Nanospheres:
= Enhancement up to 25x

=  Hard to control size and distribution

= LIPSS / \
«  No enhancement observed in the experiments SpeCIaI thanks to:

= Reducing the nanostructure periodicity and features using DUV femtosecond pulses:

. i B NTNU : UNIVERSITE
= Highly heterogeneous nanostructure synthesis Norwegian Unfversity of | l'si‘.‘w'i’é‘?é‘N"NE’

Science and Technology

= Efficient photo-oxidation: Not good for accelerators, but great for coloring metals

CSIC .
(Y]
Free-electron light sources based on silicon nanophotonics
= Record aspect ratio, 100 nm height for periodicity of 250 nm CEit cic SUAE

=  Silicon crystalline structure is maintain through the synthesis process K

= Applications beyond accelerators include high efficiency photovoltaics, detectors, sensors.
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Electro-optic frequency comb development status
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Electro-optic frequency comb development status

Frequency stabilized CW source

Isolator

NI € T ; Phatonics

..+* the power of light

Programmable
spectral filter

Polarization control

RF
amplifier

Phase
shifter

000,

Output
WaveShaper

20 :“Nj lq‘

1058 1060 1062 1064 1066 1068 1070

= 4
&

wavelength nm

1) - - - -
——— O Out Meas.
E0 Ou Calc.
05|

o
-3 -2 -1 1] 1 2 3

delay ps

E. Granados | EWPAA 2024 | 17.09.24

YDFA

PM

RF
amplifier

Phase
shifter

Polarization control

000,

PM

Intensity modulator

MZM

RF
amplifier

RF source

&




	Slide 1: Boosting Photocathode Performance through Plasmonic Effects and In-situ Rejuvenation Techniques
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8: Laser systems at CLEAR
	Slide 9: CLEAR operation during 2023
	Slide 10: Photocathode rejuvenation at CLEAR
	Slide 11: QE map (homogeneity) of rejuvenated cathodes
	Slide 12: Next-gen CLEAR photoinjector laser
	Slide 13: Electro-Optic frequency combs concept
	Slide 14: Status EO frequency comb development
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19: Photoemission lab @ CERN
	Slide 20: “Common” photocathode technologies
	Slide 21: Co-deposition process
	Slide 22
	Slide 23: Photocathode transport from DC to RF guns
	Slide 24
	Slide 25: Plasmonic cathodes - Motivation
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47

