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Photo-injector main parameters

= Baseline and current specification

Photocathodes
= Qverview of photocathode performance, capabilities and limitations...

= Charge production tests at CERN

Laser and optical systems
= Main laser architectures

= UV pulse spatial shaping

Conclusions
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Baseline layout electron linac

X +Y +967.5 m, overall length < ~1.2 km
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Detailed baseline design
studied

Top-up mode studied: Robust
solution to preserve shot-by-
shot emittance for different
bunch charges

Next steps: Design and test
hardware to demonstrate top
up mode charge variation
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https://doi.org/10.1016/j.nima.2024.169261

Bunch structure and charge requirements

Baseline operational parameters for
electron production

Bunch parameter Specification

Bunch charge 5-7nC
Bunch duration ~3 ps (rms)
Bunch spacing 25ns

2 — 4 (depending on

Bunch number (Nb) operating mode)

Repetition rate Up to 200 Hz
Transverse ~ 7 mm mrad
emittance (at gun level)
Transverse ~ 4 mm mrad
emittance (at 200 MeV)
Energy spread 390 keV (0.2%)

Requirements

Top-up specific 1. Tailoring of transverse beam profile

Bunch parameter  Specification Erom UV

e UV pulse
conditioning

Top-up range 0-7nC = Fyy
Accuracy TBD * aff\,\

uv ) __:::l\
Response time <50 ms ] qe 4

A e’ e i X

. On-demand taTe 7

Transverse profile shaping capability ell)i(;t;%n et I'120de
Transverse ~ 7 mm mrad
emittance (at gun level) 2. Fast and precise amplitude modulation scheme

“Worst case scenario”

* Fast laser power attenuator

Voo
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Photocathode types (non-exhaustive)

“Robust, simple, ( ] “Efficient, polarized,
long lifetimes” 4-------- L Photocathodes J ------- > High current”
A 4 \ 4
4[ Metals ]7 4[ Semiconductors ]7
Suited for
J il il high average v v
current
[ Pure ] [ Coated ] [ Alloys ] [ PEA ] [ NEA ]
Widely used v
Operate in UV, ™. v y v ( ) *
fast response, e \ [ ) CLIC study Cs;Sb Cs — GaAs
Cu Cu — CsBr Cs-Au Short lifetime ™. 3
but very low QE K,CsSb Cs —GaN
Mg Cu — MgF, Mg - Y “green” cathodes NaK Sh Cs — GaAsP
Pb Cu-Cs Ir,Ce, ERLs, FELs, etc C52 Te
Y W —Cs : R
Al Y_Cs '=. HighQe _~_
—_ ;_/ Widely used: '
' . SLAC, DESY, Polarised electron sources
v Earl ‘ " Eézzrg?irgf(d CERN, Fermilab, ... UHV requirements, slow response
_ arly works Relatively long lifetime Relatively short lifetime
R&D phase PP Plasmonic Unstable in RF Very stable Used routine|y in:
Emittance? Butlow QF Jlab, SLAC, KEK, ...
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Photocathode types (non-exhaustive)
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Laser requirements for Cs,Te and Cu photocathodes

Minimum laser requirements

Required laser pulse energy on cathode

Parameter QE 1% (Cs,Te) QE ~104 (Cu) (neglecting saturation effects)
Pulse energy >3 ud >200 pd (>1mJ) "R
Pulse duration (tunable) 1-5psrms 0.1 -5psrms 3t

Bunch rep. rate n x 40 MHz 200 Hz + split & delay g gl

Burst rep. rate 200 Hz 200 Hz g r

Transverse profile TEMy, (M2 < 1.3) TEMy, (M2 < 1.3) %gj

Shot-to-shot stability < 1% rms < 1% rms “os

Wavelength 257 — 266 nm 257 — 266 nm 0.2_

©
—

10° 102
Laser pulse energy [uJ]

* Burst mode laser
Architecture » High energy laser with
split and delay

« Multiple lasers

» Split and delay system
Excitation wavelength

— 257 —266 nm
— 343 -355nm

While bi-alkali antimonide photocathodes have high QE and operate with green E1E 35 nm

excitation wavelength, their development and usage in photoinjectors is still under study
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From laser transverse profile to electron bunch distribution

“Everything affects photoemission” %77@
e ve?™ oy,
« F: Applied field F: Resulting field \ a5
—> « Space charge — - — « Dynamic space charge
* T: Temperature emission T: Temperature
2 hk -
VA 3) Escape '
](hw)=—sw AXT X Edk,dk, (3) Escap : Field
(2m) m
T
3 3
(2) Transport % % _
Current density Absorption Transport Emission § - §_
— /\ \ (1) Excitation § e §_
D
R(w) 6(w) 7 fi D (k) 2
Moments Model (MM) Relaxation time Dynamic field
DET e- scattering losses Temperature

Photoemission models need to be integrated into existing beam dynamics simulators

c\ERN Kevin L. Jensen, Dimitre Dimitrov, Vitaly Pavlenko, Patrick G. O’Shea; Model of photoemission and framework for relating

E. Granados | FCC Week 2025 | 21.05.25 guantum efficiency to stoichiometry. J. Appl. Phys. 137 (14): 145102 (2025). https://doi.org/10.1063/5.0229617


https://doi.org/10.1063/5.0229617

Testing In electron sources at CERN

Photocathode Cs,Te Cs,Te/Cs3Sb Cs,Te ﬁ:/lu

technology Cu Cs,Sb © :
In-situ Load-lock KCsSb Plasmonic

Quantum

Charge 7 nC/bunch 5nC 800 pC 10s nC

production 150 bunches Single bunch Single bunch Single bunch

Laser Nd:YLF Ti:Sapphire Yb:KGW (Pharos) Nd:YAG

driver 1uJ, 4.8 ps 2ud, 1.2 ps 400 uJ, 200 fs 7mJ, 8ns

Use User beamtimes Witness, SM Witness, AWAKE production

CLEAR AWAKE run 1-2b AWAKE run 2c
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Charge production tests at CTF2 — copper photocathode

Quantum vyield vs laser fluence
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Laser pulse fluence [pJ/cm?] x10
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The total produced charge depends on the intensity of
Electron bunch production tests for a range of UV pulse energies, the incoming UV beam and the produced charge density
duration (6t at FWHM), and spot sizes (w,, in both axes, at 1/e?).

Il Damage threshold copper ~ 100 mJ/cm?
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Charge production tests at AWAKE - Cs,Te photocathode

Quasi-flat-top distribution achieved using a motorized Fresh photocathode:
iris and ‘strictly’ relay imaging it to the photocathode Up to 5 nC/bunch, 1-2 mm mrad (300 pC)
16 T T T T T T
Iris position = 200 Iris position = 100 Iris position = 70 ﬁ) 5t = 1.2 ps (rms)
2 140 -
v - ,_,A 12 _: |" S-baﬂd
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Reduction in QE is of an order of magnitude when the laser fluence is above 10 pJ/cm?

“Generation and Delivery of an Ultraviolet Laser Beam for the RF-Photoinjector of the Awake Electron Beam”, IPAC 2019

E. Granados | FCC Week 2025 | 21.05.25 http://jacow.org/ipac2019/papers/thpgw054. pdf



Charge production tests at CLEAR — sequentially deposited Cs,Te

CLEAR — in-situ photocathode fabrication Variable spot size (Gaussian-like distribution) achieved
Cs,Te photocathode lifetime ~ 1 year using a motorized telescope + variable attenuator
8 1 T T T T T
1stQY =7.5% Tellurium layer = 10 nm
Caesium layer =40 nm 0.9 ‘ ot=2 PS (rms) i
) ' «— W,=1.4x1.8mm?
E 6 === Degraded QY .\
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s | i 1
- Ul B g g 0.7 | ) |
3 \‘\ 'll I.I | — AN
§ 5 \ X 06 \\\ .
TS . . | L o 'R
&/ ' R G 0.5¢ "N -
0 i l—. R N " LN i W = 0.43 x 0.48 mm?
> Q Q N 9, 0y ™ 04 r " i
3 N L v v V% N —
LN A S S S 0sl e,/ _
Year ' S-band T AR e
Up to 7 nC/bunch, 20 - 30 mm mrad (1 nC/bunch) 0.2 70 MV/m s
20 40 60 80 100

Reduction in QE of a factor of 3 when the laser

fluence is above 40 pJ/cm? Laser pulse fluence [4J/cm”]

CERN Phys. Rev. Accel. Beams 27, 023401 (2024)
. E. Granados | FCC Week 2025 | 21.05.25 DOI: https://doi.org/10.1103/PhysRevAccelBeams.27.023401



UV laser beam shaping techniqgues for FCC-ee top-up

PSI CERN
Pockels cell Electro-Optic front-end laser (MZM)
) — Au (GND) Optica]
O Nn- d eman d i ﬁ\‘/le_aser P Waveguide E"a"s‘l‘:'gtﬁfpm
amplitude —>—<: Al -
modulation \ oo | | e
Paockels cell Zs
- Ve
Deformable mirror
o,
T;?nS\;]ersg §§ga§gg%
profile shaping 908a08esse
devices @ogasecagrion
Boe e ag D
eSSBS
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Possible laser architectures for FCC-ee top-up scheme

“MOPA” architecture (PSI)

RE Locking

system

Regenerative Amplitude Harmonic
amplifier 1 modulator Compressor 1 : UV stretcher

generation To UV shaper

Master Combiner
. stretcher .
oscillator

Regen_e_ratlve Amplitude Compressor 2 Harmor_nc UV stretcher
N x 40 MHz amplifier 2 modulator generation

[1111 AAAAA ™7}

A v Robust / established
v High power

Electro-Optic laser (CERN)
RF RF

V(D)

200 Hz

: , : _ To UV shaper
Phase Amplitude Dispersion - Harmonic P
. Burst amplifier : .
modulator modulator compensation generation

25ns

f V(t)

1 u /\‘/\ W “u‘ ‘ (| 1\ [ [ A
| H 1 ‘ | n oA ‘||H|\|, N[ |
Y ALY -l
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Flexible:
v' Pulse duration
v Repetition rate




Possible architecture photocathode laser at PSI

AT=7 ns AT= 10 ms
<> «—>
Oscnlat_or. Menhir ' | | | ' | | | | Pulse | '
Photonics ) -
P=150 mW @ 142.8 MHz Picker
T=160 fs FWHM /1040 nm

»  Multi-mJ pulse energy in the IR

»  Compact = more passive stability

»  Directly diode pumped

Chirped Pulse Amplifier
system:

Amplitude
Regenerative Amplifier
Based on Yb:CaF,

Innovative and performant technology: in operation at SwissFEL since 2015

Ultra-low timing jitter of the synchronized laser: <20 fs rms over 10Hz-10MHz

Uneven pulse energy stability ~0.05% rms @ 1040 nm and ~0.03% rms @ 260 nm

UV generation
& UV stretcher

A

AT=3.3 psrms

Up to 2 uJ* per pulse @ 100Hz @ 260 nm

AT=600 fs FWHM

Up to 2 mJ per pulse @ 100Hz @ 1040 nm

* Assuming a CsTe cathode with QE=1%, 1.5 uJ would be enough to generate 5 nC

A. Trisorio
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Shot-to-shot adjustment capabilities at PSI

Requirements: generate 5 nC electron bunch at 100Hz with the shot-to-shot capability to:

1. Modulate the electron bunch charge from 0-5 nC 2. Adjust the laser beam size on the cathode

DM Controler

Deformable Mirror (DM)
Variable ROC /
g'et‘?trol' R Input beam =
ICa p |
P - Machine Control
Modulator | System
1 Modulated H.V.
q Machine Control
High-Voltage System
Driver Input Command for H.V.

Cathode

»  Well established and reliable technologies

CERN . .
@ E. Granados | FCC Week 2025 | 21.05.25 A. Trisorio



Electro-Optic front-end laser modulation scheme at CERN

ampllfler ampl|f|er
Phase Phase
Isolator Polarization control shifter shifter
Frequency ( l ‘ )

stabilized CW »

source

VANV RF ®

Programmable
dispersive filter Polarization control
Intensity modulator

Output | ( x x > / \
WaveShaper YDFA MZM
| N /

/\/‘\/\ \)IWVW/ Y /\m/ {\ v \A WW\ amlz:i:fier




Electro-optic burst mode amplifier development at CERN

PP1 PP2 Relay 2
m m Relay 1 f . . Iy
Hidll = 1 = I ==
l[| KTP
_ [l .

burst amplifier

EO Frequency
comb seeder

Nd:YLF Amplifier

UV output

\4

Will serve as CLEAR photoinjector laser upgrade when completed
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Digital micromirror device for UV beam shaping

Digital Micromirror Device
(DMD

Demonstrations in RF guns exist (UCLA, SLAC)

« Low damage threshold
« Pulse front-tilt management necessary

E. Granados | FCC Week 2025 | 21.05.25

DMD

o DMD image
\—

electron gun

Facusin
Incident g

! lens .
beam . Focusing on DMD, varied
. solenoid for each shot
Sample placed in
solenoid imaging
Example electron plane

Single-Pixel
profile in sample g

Reflected plane

beam Example laser profile

in cathode plane

Phys. Rev. Lett. 121, 114801 (2018)
DOI: https://doi.org/10.1103/PhysRevLett.121.114801

"Adaptive spatiotemporal optical pulse front tilt using a digital micromirror device and its terahertz application,"
Opt. Lett. 43, 2090-2093 (2018)

Example of mask

L{f : bucket detector



Conclusions

Photocathodes

= Choice is influenced by quantum efficiency, lifetime, vacuum requirements, fabrication method, and properties of the electron

beam to be produced (for example, spin polarization).

» For tests, Cs,Te and Cu are currently available, in the meantime we need to consider the production of alloy photocathodes

(Ir.Ce,) with “infinite” lifetime and Cs-GaAs options for polarized photoinjector.

Laser and optical systems

= For producing the temporal bunch structure, the options currently considered for testing are:

= MOPA architecture with multiple laser lines, then recombine them at the photocathode level (well established). Tests will be

carried out at PSI.

» Electro-Optic front-end in combination with burst amplifiers (experimental). Tests will be carried out at CLEAR.

= |n terms of the UV shaping technique, two approaches will be explored:

= Deformable mirror, which allows for high pulse energy on photocathode (suitable for low QE photocathodes)

= Digital Micro-mirror Device (DMD), which allows fast masking of the UV beam profile (higher resolution but more lossy,
works better with high QE photocathodes)
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