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Daniele Sertore
Istituto Nazionale di Fisica Nucleare

Laboratorio Acceleratori e Superconduttività Applicata

R&D experience on Cs2Te 
photocathode for FEL accelerator 

applications
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High QE Photocathodes in RF Guns
• High charge, long pulses and high repetition rate 

machine require high QE photocathodes given the 
average laser power of some tens of Watts in IR.

• For example FLASH or European XFEL require to 
produce thousands
to ten-thousands 

of  bunches per 
second, each of 
nearly 1 nC.

2

CW Machine

D. Dowell et al., NIM A 622(2010) 685
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Photocathodes Choice

• Semiconductor photocathodes have high QE …
– Their sensitivity to gas exposition requires UHV 

conditions.

• …  the use in RF Gun requires also:
– QE uniformity
– Low dark current
– Long operative lifetime
– Stable operation 

along the train
– Fast response time

3
D. Dowell et al., NIM A 622(2010) 685
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Multi Alkali Antimonied

• We started in the late ‘90s studying multialkali compounds 
based on Sb (Cs3Sb and K2CsSb).

• Cs3Sb was also tested in a SC Gun at Wuppertal University.
• High QE in the visible BUT ….

Very Sensitive To Pollution
4

K2CsSb

1 Langmuir = 10-6 mbar s

Exposition [mbar s]
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Multi Alkali Telluride

• Given the good results obtained at LANL, we started 
studying cesium telluride (Cs2Te) and later cesium 
potassium telluride (K2CsTe).

• The large photoemission threshold (≈ 3.5 eV) forced 
to use UV light but these cathodes showed to be 
more robust.

5

Cs2Te

1 Langmuir = 10-6 mbar s

x 103
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Cs2Te GROWTH INVESTIGATIONS

6
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A. di Bona et al., JAP80(1996)3024

Cs2Te Recipe Investigation

7

Cs/Te

b) 0.6

c) 1.2

d) 1.9

e) 2.5

Cathode growth
•The recipe was developed in Milano and as a 
“process” transfer to Modena for analysis.
•Auger Electron Spectroscopy shows formation 
of different stoichiometric compounds during 
Cs deposition. The “correct” Cs/Te ratio is 
reached at QE maximum.
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Substrate Contribution

• The Mo plug prevents diffusion of the film (AES + Ar+

sputtering study). Estimated photocathode typical 
thickness is 20-30 nm. 

8

Cs2Te
+ 
Cu

Cu

Cs2Te Mo
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Cs2Te Rejuvenation

• Cs2Te photocathodes can be 
rejuvenated, i.e. QE can be recovered 
by heating and illumination. 

• Largely used at FNAL-A0 
experiment

9

a) Cs2Te
b) After 120L O2

c) 230 °C + 254 nm
d) 230 °C only

O2

Cs2Te

Pre-Cs2Te (d)

Cs2Te but 3% illumination
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•The spectral response analysis provides the 
energy threshold (Eg+Ea).
•We fit data with function based on the “Kane” 
model where mi depends on the type of 
transition

•Typical values for thresholds:
3.3 eV (“high energy”)

2.8 eV (“shoulder”)

Spectral Response and QE maps

10

𝑄𝑄𝑄𝑄 = �
𝑖𝑖=1

2

𝐴𝐴𝑖𝑖 ℎ𝜈𝜈 − 𝑄𝑄𝑔𝑔𝑖𝑖 + 𝑄𝑄𝑎𝑎𝑖𝑖
𝑚𝑚𝑖𝑖

-4
-2

0
2

4

-4
-2

0
2

4
-5

0

5

10

15

 
       

 

Analisys applied to QE maps

QE Eg+Ea



Eu
ro

pe
an

 W
or

ks
ho

p 
on

 P
ho

to
ca

th
od

es
 

fo
r P

ar
tic

le
 A

cc
el

er
at

or
 A

pp
lic

at
io

ns

PHOTOCATHODE SYSTEMS

11
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• The recipe was then transfer to a plug 
compatible with gun operation

• The Mo plugs, either from sintered or 
arc-cast material, are cleaned with a 
BCP after machining and polished to 
optical finishing to reduce dark 
current

• Reflectivity measured the quality 
of the optical finishing and it provides 
also information on 
surface roughness, 
typically ≈ 10 nm

• New technique
promises ≈ 1 nm

Sintered

The Cs2Te plug

12

Rough Surface

Optical Finished

Arc-cast
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Cs2Te PhotoCathode in RF Guns
• In the ‘90s we start studying the application of Cs2Te 

in RF Guns.
• We tested our cathodes in an RF Gun at FNAL-A0 in 

1996 with our own preparation and transfer systems.

13

Preparation Chamber

Transfer Chamber

RF Gun
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The INFN – DESY Cathode System

• In 1998, a split INFN – DESY preparation-transfer system was 
designed and built. The preparation chamber in Milano and 
the transfer to the gun at DESY Hamburg.

14

RF Gun and FLASH linac

Transfer Chamber
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Preparation System

•UHV Vacuum System  (base pressure 10-10 mbar)
•6 source slots available
•Te sources out of 99.9999 % pure element
•Cs sources from SAES®

•Masking system (φ = 5 mm Tungsten Foil)
•High pressure Hg lamp and interference filter for online monitoring 

of QE during production
•UHV transport boxes

15

Source holder
and Masking

Cathode 
Heater

Transport Box

Preparation
Chamber
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Transport System

• Cathodes are transported under UHV condition from 
INFN Milano to the Labs.

16

Transport boxCathode Loading

NEG Pumped

Total number of deliveries 
between labs ~ 130
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PRODUCTION IMPROVEMENTS

17
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Hg lamp

Filter 
wheel

Shutter

Remote 
controller

Photocurrent signal

Prep. chamber 
viewport

Photodiode

•Calibrated 
photodiode for 
reflected light 
power from the 
film

•A motorized and 
remotely 
controlled filter 
wheel with 
interference filters 
(239 nm, 254 nm, 
334 nm, 365 nm, 
405 nm, 436 nm)

•Picoammeter for 
photocurrent 
measurement

New online diagnostic set-up

18
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1.E-02

1.E-01

1.E+00

1.E+01

0 10 20 30 40 50 60 70 80

Q
E 

(%
)

Evaporated Cs thickness (nm)

Cathode 104.2

QE @ 239 QE @ 254
QE @ 297 QE @ 334
QE @ 365 QE @ 405
QE @ 436 stop deposition

•At wavelengths longer than 254 nm, 
the typical  growth steps are no more 
clearly visible except at 40 nm and the 
last one at 64 nm of evaporated Cs 
thickness. 

•The last peak corresponds to the 
complete formation of the Cs2Te and it 
is more evident at longer wavelengths. 

•“Last” peak position, in term of the 
evaporated Cs amount, is related to the 
Te thickness deposited.

•A stop of Cs evaporation before it 
produces a not totally finished cathode 
that might be less stable, while a stop 
after it leads to a cathode with a Cs 
excess 

•Te thickness 10nm
•Cs evaporated thickness 70nm
•Last peak @ 64nm of evaporated Cs
•Final QE @ 254nm 10.9% 

The “last” peak

Cs2Te QEs during deposition 

19
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Spectral response reproducibility

• The on-line diagnostic allows 
better control of the cathode 
growing.

• The reproducibility of produced 
cathode spectral responses is 
largely improved.

• The Cs excess is under control.
No more low energy shoulder.

104.4 417.1 77.3 123.2107.3

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

2.00 3.00 4.00 5.00 6.00

Q
E 

(%
)

Photon Energy (eV)

104.4 (sp.resp, tr.box, 29-Jun-2011)

417.1 (sp.resp, tr.box, 4-Apr-2011)

107.3 (sp.resp, tr.box, 29-Dec-2010)

77.3 (sp.resp, tr.box, 21-Jul-2010)

123.2 (sp.resp, tr.box, 6-Jul-2009)
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Carriage Evolution

21

 

A0 Carrier

2nd gen.Bajonet

Increased Space

New Sliding Blocks

3rd gen.

4th gen.
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New NEG Based UHV Vacuum

Transport System

22
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Photocathode handling system

Analysis of accident during cathode operation: 
– Only three significant accidents have occurred after about 

17 years of operation

Damages on the connection system:
– due to a not correct parking of the carrier in the transport box 

and then closing of the valve
– due to the manipulator magnet uncoupling from its vacuum 

counterpart

23
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PERFORMANCE
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Cs2Te QE after production
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QE[%] = 9.4 ± 3.2%
including all cathodes

Total numer of photocathodes 
coated at LASA: 132

http://wwwlasa.mi.infn.it/ttfcathodes/
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QE old and new diagnostic
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Lifetime and extracted charge

27

Extracted charge: 18 CExtracted charge: 3.1 C

∆t=439 days ∆t > 950 days
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Conclusions

• Surface science tecniques essential in understanding 
the cathode properties

• Once the growth process is stable and reproducible, 
it might be moved to the production

• Continous improvements during the cathode 
production are essential to guarantee reliable 
photocathode properties.

• Important is the interplay between cathode 
improvement and gun development

28
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INFN systems around the world

29

Collaborazioni Internazionali

Trasferimento
Produzione
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Back Up Slides
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The Cs2Te Photoemission Model

• Given the information on optical 
properties and energy bands of 
Cs2Te, we develop a simple Monte 
Carlo model of the photoemission 
from Cs2Te photocathodes based 
on Spicer’s “Three Steps” model.
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changing the 
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Cs2Te Optical Properties

• Cs2Te are thins film deposited on a Mo substrate. There is a 
key role played by the substrate in the interpretation of the 
optical data.

33
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A possible mechanism for Cs2Te growth
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Thermal Emittance

• We developed a Time of Flight detector for measuring the 
photoelectron energy distribution, angle resolved.
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Reconstruction

• We use the following definition for the normalized emittance

where we assume cylindrical symmetry and no correlation position-velocity. The 
average appearing inside the square root is performed over the distribution in energy 
and angle of the emitted electrons.
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emission within the solid angle underlying the 
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Cs2Te Thermal Emittance
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4th harmonic (λ = 264 nm)
εth = 0.5 ± 0.1 mm mrad

for 1 mm rms spot radius

5th harmonic (λ = 211 nm)
εth = 0.7 ± 0.1 mm mrad

for 1 mm rms spot radius
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Assuming, that the thermal emittance
scales as the square root of the most 
probable energy, the ratio between the 
estimated thermal emittances at the 4th

and 5th harmonic varies according to this 
simple scaling.
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