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Abstract

[n the framework of the CERM Linear Collider project (CLIC) the CLIC Test Facility
(CTF) uses a laser driven photocathode in an RF gun as an electron source. Photocathodes
properties are measured in the Photoemission Laboratory, which consists of a preparation
chamber and a DC electron gun, followed by a beam measurement line. Cathodes are
illuminated by a nanosccond UV YAG laser,

The present note concerns the present installation and resumes different photocathode tests
on metallic as well as alkali cathodes. Those used in the RF gun of the CTF are particularly
emphasized.
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In the framework of the CERN Limear Collider project (CLIC) the CLIC Test Facalty (O] wses a laser drven
photocathode in an RF pun as an electron source. Photocathode properties are measured in the Pholcemission
l.aboratory, which confains & preparation chamber and a DO electron gun, followed by a beam measurcment kne.
Cathodes ars llummated by 2 panosecond UY YAG laser. The preseni nolc concems the present installation and
summarises different photocathods tests on metalliz as well as alkali cathodes. Thoss vssd in the BF gun of the CTF arc

particularly ermphasieed.

1. Introduction

The studies started at CERN on a two-beam lin-
gar collider under the title of CERM Linear Collider
{(CLIC) cover different subjects [1]. A CLIC Test
Facility (CTF) is used [2] to study the generation of
high intensity (kA), picosecond-length electron
hunches. These bunches are used to generate 30 GHz
RF power. The clectron source is a 3 GHz RF gun
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equipped with a laser driven photocathode, In order
to provide the most suitable cathode for the CTF RE
gun, different kinds of cathodes are developed and
studied in the phoioemiszsion laboratory, This con-
lains an evaporation chamber where photocathodes
are produced, then inserted under vacuum into a high
voltage DC gun, where they are illuminated by
panosscond laser pulses of vismble and UV hght. An
clectron beamn measurement line is used to determine
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the photocathode properiies, These different paris are
called the D Test Bench [3].

1, Deseription of the installation

A general view of the DC Test Bench 1 shown
on Figure [.

2.1 The preparation chamber

Two different processes are available in the prepara-
tion chamber, the evaporation process and cleaning
by glow discharge. The preparation chamber 18 able
o evaporate three different prodoets, separately, or
simultaneously. During evaporation, the pressure rises
from a few 1071 mbar up to about 2x10~7 mbar,
depending on the type of evaporated produet. The
layer thickness is estimated by measuring the frequen-
cy change induced by the increased mass of a quartz
crystal exposed to the metal vapour. During the
evaporation process the cathode is illuminated by UY
nanosecond laser pulses at either 266 nm or 335 nm
via an optical fiber, and the electrons emilted are col-
lected on a bizsed electrode, in front of the cathode.
The distance between the cathode and the sources is
12 em and a fast shutter is able to mask the cathode
from the metal vapour. Up to now, the cathode heat-

ing process has not been avadlable and the evapora-
tion process has been with the cathode at ambient
temperature, The process is monitored by & PC
which regulates the heater power for each evaporation
product boat. It is also possible to reproduce auto-
matically some evaporation sequences [4]. Figure 2
shows a iypical evaporation process, in this cass, pro-
duction of a K,8b cathode.

In the same chamber, but not at the same time, it i3
possible to clean the surface of the cathode by
lonized Controlled Eiching (ICE), which is a glow
discharge of Argon jons. The plasma is confined by a
magnetic field and controlled by a regulated argon
pressure system af 3107 * mbar] 5].

2.2 The DC gun

The gun consists of two parallzl electrodes, sepa-
rated by a gap of | cm and subjected to a maximum
potential differsnce of 100 KV (usually B0 KV, The
cathode body contains a photocathode plug with a
12 mm diameter photoemissive surface. The anode
has a hole of 16 mm diameter for electron and pho-
ton beam tranamission. A theoretical model of the
gun is gven m [3], and some parameters are listed on
Table 1 for B0 kY.
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Figure 2 K.»5b cathode, cvaporation process



E =8 MY/m
perveance = (L& uperv,
Diark current = 5 pi

Yabte /1 DD gun parameters

4 mum laser spot dimeler =
Flight-time = 120 p=

The gun pressure depends on the laser intensity

Jmar = 1.2 Afmm?
3x10-F= p = 2% 10-" mbar

2.3 Lasers NAYAG  MNeodymium:YAG laser, Spectron Laser
Bystems SL-400

The type of laser chosen for the CTF s a XeCl Xenon Chloride excimer laser, Lambeda
MNd:YLF mode-locked oscillator and amplifier, due 1o Physik EMG10]

the requirements for short pulses and timing stability ArF Argon Fluoride excimer laser from Sopra.

with respect to the RF phase in the cavity. The fun- Nd:YLF  picosccond Neodymium:YLF laser from

damental wavelengih wsed 15 1047 nm, the corme-
sponding photon energy is only 1.1 &% which is insuf-
ficient for any of the photocathode materials of inter-
esl. By harmonic generation in non-linear materials,
photon energes of up to 6 eV (fifth harmonic) are
attained, enabling the use of several different types of
photocathode. In the Photoemission Laboratory a
nanosecond-pulse Nd:YAG laser is used with a fun-
damental wavelength of 1064 nm, and harmonic gen-
eration o provide several wavelengths for tests, close
to those availlable in the CTF, Photocathodes have
been teated at several wavelengths by different types
of laser, their parameters are listed below (Table 2).

Cuanta System, only the ifth harmonic is
at present used at the CTF experiment.
The pulse delivered by the laser can be
split into 8 micro-pulses with a distance of
333 ps between pulses.

The laser energy was measured by a pyroclectsic
joulemeter with an accuracy of better than 45 0%
over the wavelengths cied,

2.4 The electron beam measurement fine

d the wavelengih delivered by the laser The focusing is provided by four air-cooled
T the Full Width Hall Mamimum pulse solenoids. Focal lengths of 10 cm can be achieved

duration wilh about 2 amps in the coils [3]. Just after the
Frep the repetition rate gun, the infensity and the time distdbution of the
5 the area of the laser spot which contains electron beam are measured by a Wall Current Moni-

B85 % of the energy

Weath the effective energy on the photocathode

tor (WOCM) (see Figure 1). Electronic integration of
this signal gives the charge of the beam [6]. Next, an

Table 21 Laser parameters
| | T Fr::[l-. &5 Weath.
T % Hz mmt el
! 213 6 10 10 <25
MY AL e (1] in I=5<40 =300
355 [} 1 i < [ 200
532 & [}] [LH == A0
XeCl Ing [ ] 25 4 =2000
ArF 193 ] 1 28 =100
MY LF i LRI in 25 =15




elecirostatic pick-up with a bandweadih of P00 M
measures the relative poaition of the beam barvcentre
with an accuracy of 40.3 mm. The electrons then
encounler a relractable Nuosescent screen, which s
used for mnitial adjustments of the focusing cods as
well az image analvsis of the clectron beam transverse
profilzs, Al the end of the line, charge measurements
arc made with a Faraday cup [7]); the charge mea-
aurement accuracy i3 betier tham +5 % for both
charge detectors, Coupled with the acquisition from
the Faraday cup, a motonssd x-y mimor suppor
enables automatic scanning of the cathode murface

[&].

3. CTF photocathode requiremenis

Theoritical considerations and first experiments
im CTF [9] bhave demonstrated some limitations of
the laser oplics and photocathodes. The use of the
fifth harmonic and photocathodes in Cal has besn a
waloable first siep, bul ihe conversion efficiency o
thia wavelength (309 nm) is low, only 100 ) laser
energy i3 available for 10 mJ at the fundamental
wavelength, Also the practical difficultizs in the pro-
duction of UV optics reduce the efficiency of trans-
porting this energy to the cathode [10]. Operation at
4 longer wavelenglh increases the amount of energy
avallable, the stability of the laser and the efficiency
with which the light may be brought to the cathode.
For thess reasons it was decided to use 3 wavelength
longer than 250 nm, therefore the Quanium Bficien-
cy (QE= ratio of outpul electrons to incident pho-
tons) must be higher than or equal to 1 %. The
relazation time (the time o convert and exiract all
clectrons produced by photons) should be lower than
a few picoseconds. The pholocathode lifetime (time
to decrease from QF_ 1o the hall value) should be

longer than a week with an electric field higher than
or equal to 100 MV/m and a laser intensity of 5
MWjem®. Finally, under thess conditions, the cath-
ode must be able to deliver 12 nC/pulze with a cur-
rent density close 10 3.3 kAjem?.

4. Metallic photocathodes

Initially, metallic cathodes appeared the easiest
to produce and use. They have the fastest relaxation
times and surfaces capable of withstanding the intense
fields. Practically, however, we observe some difficul-
ties, Metallic cathodes have low quantum efficiency
of a few 107*, because emitted electrons come only
from few atomic layers and the reffectivity of the sur-
face is penerally high, Metals bave high work func-
tions of 4 or 5 eV, consequently, the wavelength of
the lazer must be shorl. Only pure metals have repro-
ducible characteristics; when exposed 1o air, withouot
further wvacuoum cleaning  iresiment, the sudface
becomes oxidised and its photoemissive properties are
affected. Mevertheless, it should be possible to obtain
high current densities with femtosscond laser pulses
[11] and multi-photon process [13]. Table 3 Lists
quantum efficiencies, measured in our laboratory at
different wavelengths (expressed in nm and in the cor-
responding eV} for different metals. For each, the
work function ¢, is given [13].

WE * s a special Tungsten cathodes doped with
Potazsiom by ion implantation al the University of
Lyon (F). The implantation energy was 150 keV, the
ion density 1.3x10'7 ions/cm?, and the resulting
Potassum concenfration was 30 % [14]. Figure 3
shows the OQE as a function of the cleaning process,

Table 3; Metallic cathodes ; QE = f1]

A {nm) 193 213 266 303 155 s
E (2Y) hdZ 582 4.6 4.03 149 eV
Al A o ) 3 Jdxl0-" 4.5
A 4.0 10" L3x10=> |
Cu 20101 1.5x10~* 22" I.6xl0-7 R.0=ID—% 4.6
Cu ws IL3=I0=" 4. 2= 10" 4.8
St stecl 90x10-*  16x10-®

Sm 1.6 10" i
Y 2.7x10-* L.IxIn—* 11
Y owe 1.8 =" 3.1
WEHE* +=» [.2=10-* B
== = |CE cleaning process under vacuwm




We observe a “Potassium tank” effect: afier reaching
& maximum the QF decreased as the eiched depth
increased. Left for 90 hours, ions migrated to the sur-
face, and the QF increased by a factor of four [15].
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In the CTF we started with copper cathodes for
RF gun studies and electron beam line set-up. We
found quantum efficiencies of about 3x10~*, an
intermediate value between normal and ICE cleaned

copper; indicating a cleaning effect in the RF gun, by
high electric field {100 MV/m), or high laser power
density, or both. The behaviour in the RE Bun was

roughly as expected [ 18],

In all metallic cathodes the QE is unfortunately
too low. For this reason we have tried other kinds af
photocathodses, particularly the alkalis,

5. Alkali photocathodes

There are two different groops: alkali anti-
monides and alkali halides. The second group works
only in the UV light range, but they are well known
as being less sensitive o alr exposure than the anti-
monide group. This was an mmportant factor in our
inatallation.

In alkali photocathodes, elecirons come from the
valence level. For elecirons to escape, photons must
deliver enough energy to mise the electron from the
valence 1o the conduction band | Er Yy and from com-

duction band to wacuum level { E, )
E i = E, + E,, for a single photon process.

Q {nC)
!
1.0E+02 F—
:I: ................
1.0E+01 =
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1.0E+00 = :
E L 213 1 ol e ieEn el
1 OE-01 ——rouiiil i i il T B AT 1| M R
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W (uJ)

Figure 4: Csl,Cu = G = fiw)



At Caesiun iodide photocathode

This is an alkali halide photocathode: =
6.3 eV, and E = L1 eV [I7]. Due to lack of a trans-
port chamber, photocathodes cannot be yet tranafert-
ed now under vacuum, from the preparation chamber
to the CTF. For this reason we have used Cassium
indide cathodes, due to their resistance to air BRI
sure for a short time. Meamurements of these phoia-
cathodes are reported in [18]. To reduce the influ-
ence of the substrate and to increase the adhesion
between layers, we have vacuum deposited a 100 nm
aluminium layer, prior to evaporating 350 nm of Cs]
(from Merck, of 99.5 % purity) [19]. Main results
arc shown in figures 4 to 7, both from the photoemis-
sicn lab and in the CTE.

Fig4 Charge as a function of the laser intensity for
Csl and copper cathodes, In surface photoe-
mission processes, the multiphotonic order is
indicated by the stope of these curves. We
observe a slope of one indicating a single
photon process, except for Csl at 213 fum,
which is close to Ea+Eg. At this wavelength
the slope i3 a function of the laser intensity,
and the charge is not limited by gun satura-
tion. The slope of two, at 213 nm was report-
ed at the Brookhaven MNational Laboratory
L20].
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Fig 6 Quantum efficiency of Csl cathodes versus

wavelength. The photoemission cut-off is at
= E}I!E.E s |%nm, We have observed
@ ]
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a longer cut-off wavelength, close 1o 220 nm.
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Figure 5 Csl: QE = fiw)

Fig5 Quantum efficiency of Csl cathodes versus

. : 1. 24x 0 .
laser intensity. OF = F’E We obsrve
the slope change above an energy density of

3 ulfem® at 213 nm.
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Figure 7 sl lifetime

Fig 7 Lifetime of Csl cathodes: due to better condi-
tiona during the evaporation proceas, the Life-
time now is longer than is indicated on this
curve. More than one week of continuous
work with high voltage and laser is possible
for a decrease to half the initial QE.

In the CTF, at 209 nm, we have observed the
same behaviour at low energy as was observed in the
photocathode laboratory. Above a laser energy den-
sity of 5 pliem?®, not all electrons hberated are
extracted from the gun in one RF cycle and & bunch
train appears. It is not understood why this ocours.



The time betwesn thess bunches is one RF penod of
333 ps. When the laser pulse is divided into eight
micro-pulaes at one BF wavelenglh distance, the Csl
cathode staria to saturate before the REF gun saiura-
tion, The total chargs produced in § pulses is only 68
% of the sum of charges produced by each individual
pulsz. We have observed a time dependence of this
saturation. The peak QF was 7.8 %, close to values
measured in the lab, The working point for the better
CTF behaviour with this cathode, requires an BF
phase where all electron produged are not extracted,
and the corresponding apparent QE is only 2 %6 [16].

Al this wavelength, we have experienced difficul-
ties with the laser and the opiical path due fo the
technical problems of manufactunng UV optics. For
these reasons added fo the unexpected behawiour of
the Csl cathode in the BEF gun (saturation and satel-
lite bunches), we have decided 1o earry ol research
on other alkali cathodes.

5.2 Caesivrt felluride photocathode

This is also an alkali halide, whose chamcteristics
are less well defined than the previous Cal cathode.
Depending on the author, [17], [21], [22], [23], the
electron affinity and the valance gap have guite diffes-
ent valoes. MNevertheless, we can assume: 3.7 eV = E
< 4.5 eV with few tenths of one eV for E,. As in Csl
cathodes, the large ratio of E, to E, does indicate a
large QE for wavelengths shorter than 275 nm, which
it the right valee for the fourth harmonic of & YAG
or YLF Meodymium laser. This alloy has a lower
resistivity than Csl, and good behaviour under high
electric field with very low wvalues of dark current
[24], [22]. The stoichiometric ratio suggests a layer
of Caesium seven times the Tellurium thickness,
however we observed a mamimum quantum efficiency
with approzimately 18 nm of Caesium over 10 nm of
Tellurium. We conclude that only a amall portion of
the Telluriom reacts with the Caesium, probably
because we do not heat the subatrate during the evap-
oration process, We have tred different evaporation
processes, such as “yovo® [many thin alternate layvers
of the two materials), but the simplest process, one
Inyer of Cassium on one layer of Tellunum, gave the
best result. The evaporation preasure was about 1077
mbar. In all cases the Caesium thickness was opli-
mized at 266 nm laser wavelength, by meamring pho-
“oemission during the evaporation, '

We have made different Cs,Te cathodes, prepa-
ration conditions are summarssd below, and mea-
surements are presented from the Figure § to the Fig-
ure 11

CsyTe Mol Te: 5.2 nm, and after Cs: 7.1 nm, o6 a
stainless stesl subsiate,

CsgTe Mo2 Te: 10 nm, Cs: 19.4 nm, and an estiinat-
ed thickness of 38 nm of Cs and Te
evaporated simultancously.

Us;Te Mod  Deposited on the previows cathode, in a
“yoyo© process of 10 cycles, alternately
one of two nanometers of Te and Cs.

Cz,Te Med Te: 10.2 nm, Cs: 18 nm, on a stainleas

siee] substrate.

photocathode described in reference [21]

photocathode described in reference [23]

Coleman

Timan

1,0E-02
E IE ) 2HE 265

A {nm}

Figure B Ca,Te: QE = f{4)

Fig 8 Spectral responss of different cathodes pre-
pared in the laboratory compared to some
prodeced in ‘solar blind®  photomultipier
apphications. We have observed a shorier
cut-off wavelength than expected, but still
compatible with the fourth harmonic of
YAG or YLF Meodymium laser.

an %l

Tt # z530m
1k —

n 24 &8 72 = 3
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Figure ¥ s, Te lifetime



Fig 9 The lifetime of the Cs,Te Nol was measured
at 213 nm, and without high voltage or laser
for the first 64 hours and with both dusing
the 19 hours following. For the Cs,Te Nod
cathode, the quantum efficiency was mea-
sured with 2 uJ at 266 nm and 80 kV on the
cathode permanently. The lifetime is dose to
60 h, and QF remains higher than 1 % for
more than one week,

CEZTE Mo4
QE = 3.3% & 3o¥od ard lambics - 208 am
calk digrr brem INREr Db dinrm dawr
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Figure 0 Cs, Te homogeneily

Fig 10 We can see the homogeneity of the cathode
emitted charge along the y-axis. This mea-
surement was done after 43 hours of contima-
ous working (see Fig. 9), with a 4 mm diame-
ter laser beam on a 9 mm sensitive area of
the Cs;Te Mod cathode.

Ca2Te Nod
maasuramants aftar 5305
laser Deam : Jmm diam

[l |
HoE

=B —= -
8.1 1 100
weath ()
------ GE-1%  =e=g
Figure {1 Ca,Te: Q = fiw)

Fig 11 This figure shows the emitied charge versus
lnser energy after more than 4 million laser
shots with an electric field of 8 MV/m. In
order to compare the behaviour of Csl and
Ca,Te cathodes, measurements were done
with a 2 mm diameter laser beam. Only gun
sajuration due to space charge effect was
observed for density energy from 0.3 ml/em?
to 2.2 mJjcm?® as expected. '

To test the influence of exposure to air we simu-
lated, afler & lifetime fest, an air transfer of the Ca,Te
Mod cathode from the photoemission lab to CTF.
Az shown in Figure |2, the QE decreased by a factor
of 200 at 266 nm. In the Photocathode lab, we tried
to regenerate the cathode by etching the surface to
suppress oxidised layers. Using both focused laser
pulses and DC high voltage it was possible o rejuve-
nate the cathode, the QE rose by two orders of mag-
nitude (see Figure 12). Unforiunately it is difficult to
control this process, which used in the CTF with an
RF electric field, destroyed the cathods, Nevertheless,
in the CTF at 209 om, the same QE as in the labora-
tory was obtained (0.3 %), after exposure to air. We
have observed a very low dark cumrent in the lab as
well a3 in the CTF.

Cs2Te Nod
Alter SEE laser pulaes
QE I8} :
1 HH uan H

01

T

4 {mm}

ARG

Figure 12 Cleaning of a C3;Te cath-

ode

Since the rejuvenation of a Cs,Te cathode with
focused laser and high voltage was not conclusive in
the CTF, and to avoid the problem of air contamina-
tion we need to transport the photocathode under
vacuum from the photocmission laboratory to the
CTF. Figure 13 shows the equipment under con-
struction of maodification to produce, lest, transport
under vacuum, and finally insert the photocathede in
the BF gun.



Up to four cathodes can be manually loaded on
the Manipulater Photocathode MPC-3. This opera-
tion i1 done under Nitrogen flow and is immediatly
pumped down. The vacuom system of the Transport
Carrier also pumps down the niermediate volume at
each connection.

Using the Connecting Flanges, the Transport
Carrier i connected to the Transit Chamber in the
Pholoemission Laboratory, and a cathode is trans-
ferred from- MPC-3 to MPC-1. Then, MPC-1 pulls 1t
into the preparation chamber. The Cs;Te photoemis-
sive thin film is deposited. MPC-1 pushes it into the
DC gun for photocmission measurement. Fimally, it
is stored back into the Transporl Carrier through the
Transit Chamber. The whole procesa is repeated for
each eathode.

| ELIC TEST FACILITY |

At the CTF, any of the four photocathodes can
be transferred and plugged into the RF gun via the
RF gun Transler Chamber, using MPC-3 and
MIMC-2

5.3 Alkali photocathodes rummary

We produced and tested alkali antimonide cath-
odes as described by AH. Semmer[17]. In general
we observed a pood efficiency, cut-off wavelengihs
shorter than expected, and very shorl lifetimes. As
expected the influence of the vacuum quality was
observed, both en the QE and the lifetime of the
cathodes. The Table 4 summarises the quantum effi-
ciencies against wavelength of alkali photocathodes

BTl :|
EPCHNG: PROCESS -
T [LEE} ]
______________ -
K PUNFP

¢ CRTOGEMIC PUWR

1 VAD PLIMPHG
STATION

o PHRAND GALGE
: FEHHING GALGE

T KOMIRATION GALKGE

1 GRS AMALYIER

The photocathode transfer system



produced and tesied in the laboratory, and Figare 14
ahows for different wavelengtha the lifetime of some
ones. Cs,Te cathode:s have been oplimized at 266
nm, alkali antirmonides at 355 nm. Dunng measuge-
menis the gun pressure rises from Sx107'% up to
10-F mbar.

specifications. For this reason i was decided 1o use it
in the BF pun. Since the rejuvenation of a CsTe
cathode was not conclusive in the CTF, and to avoid
the problem of air contamination we nesd to trans-
port the photocathods under vacoum from the pho-
toemission laboratory to the CTF. The necessary

Tabie 41 Alkali photocathodes : QF = (1)

A {nm) 193 213 266 55 =32 Ea+Eg
E (cV) 6.42 5.82 4,66 1.49 2.33 eV
Cs,5h 15102 20x10-% 1.8x10-% 38xi0-3 2.0
K,Sb 14x10~%  1.6x10~7 7.6x10-" 23x10~* 23
Ma;KSh T.Ix1072  GIx10=%  35x10=*  2.0x10~* 20
Csl 06xI0-?  68xI0-F  TIxi0-F  19xID® 6.4
Csl + Ge TacI0"? 12107 2.0x10—® 50
Cs,Te 6010~ 57x10-7 20xI0—* 4.5

120

I:l'lc E'II:I T &0 &D -1|:':l: 1
tima (h)
— i0w35h — EHiZEIS - Bl ] w1 R e e T
Fipure F4: Alkali photocathode lifetime
&, Conclusion

In our application, metallic photocathodes have
quanivm efficiencies which are too low bul copper
cathodes are useful for debugging the whole CTF
installation due to their ease of use. Alkali anii-
maonides have lifetimes which are oo short and need
very good vacuum. Ooly alkali halides have demon-
strated properties close to CTF specifications. In the

. CTF, we have used Csl cathodes, wath the fifth har-
moms of the NMEYLF laser, because only Csl can
withstand cxposure to air. As mentioned this wave-
length i3 too impractical, and we have doubts about
the relazation time of this cathode. At present we
believe that only Cs,Te cathodes will meet CTF

equipment is under construction, and we hope 1o
start using this installation before the end of 1993,
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