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Abstract

Mg films deposited by pulsed laser ablation on a Cu substrate were tested as photocathodes in a DC diode. They

showed features of robustness and a quantum efficiency of 3� 10�4 at low accelerating field when illuminated by

266 nm light at normal incidence. A graphite protective layer of about 20 nm thickness deposited by laser ablation just

after the Mg deposition made the cathode stable and of easy handling. The cathodes could stay for several weeks in air

before being inserted in the test chamber. The preparation procedure and the tests are presented.

r 2005 Elsevier B.V. All rights reserved.

PACS: 29.25.Bx; 79.60.Dp; 81.15.Fg
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1. Introduction

The search for a rugged and efficient photo-
cathode for advanced high-brilliance electron
injectors, after a decade of worldwide efforts is
still in order. Most new designs of such injectors
envisage an electron source consisting of a Radio
frequency gun (RF gun) with a photocathode
e front matter r 2005 Elsevier B.V. All rights reserve
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excited by an UV laser pulse. The preferred
wavelength is 266 nm, that is the third harmonic
of Ti:Sa laser. Such lasers can provide the very
short, sub-picosecond rise time, photon pulses
required by the injectors [1]. That wavelength
corresponds also to the fourth harmonic of the
Nd:Yag laser that we have used for our quantum
efficiency (QE) measurements. The present work is
concerned with the development of rugged photo-
cathodes for such injectors. The paper presents a
photocathode based on a Mg film deposited by
d.
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Fig. 1. Sketch of film preparation process.
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pulsed laser ablation deposition (PLAD) technique
and covered by a graphite protective film. The
proposed solution relies on the availability of laser
beams with so high-energy density as to consent
ablating the upper layer of the cathode surface for
activation. Progress in cesiated materials, espe-
cially alkali-tellurides, has, by now, resulted in QE
of few percent, at 266 nm laser wavelength, and life
times of weeks [2,3]. However, such cathodes
require ultrahigh vacuum environment, being
highly reactive; moreover, they have rather slow
time response. Metal photocathodes are inherently
robust but they have a low quantum efficiency
even with ultraviolet (UV) radiation, thus they
require high-power UV lasers for cathode irradia-
tion. Magnesium has been identified, since long
[4,5], as a metal photoemitting material with
relatively high QE, �0:3% at 266 nm wavelength
[6]. The features of efficiency, robustness, prompt-
ness and good emittance of Mg disks have been
investigated with a certain success within RF-guns
[7,8]. Mg disks installed in RF-gun with the press
fitting technique had problems of RF breakdown
at the joint between the Mg disk border and the
Cu embedding structure. Frictional welding tech-
nique did not solve completely the breakdown
problems [9]. Moreover, the distribution of QE
shows large variations over the spot irradiated by
the laser [10]. This nonuniform distribution causes
a deterioration of the brilliance of the electron
source [11]. Mg film deposited on metal disks by
sputtering also showed problems of RF break-
down during the RF conditioning. This is guessed
to be due to insufficient smoothness of the cathode
surface and bad adherence to the substrate.
Anyway, cathodes made up by thin films are
expected to present a better emission uniformity
and a lower discontinuity at the border. With the
aim of obtaining tightly bounded films with very
smooth surfaces, so to overcome those problems,
we prepared Mg photocathodes with the PLAD.
In this deposition technique the ablated material
particles have high energy, order of 50 eV in our
experiments, against 10 eV of magnetron sputter-
ing. Thus, the nucleation process at the surface is
improved compared with other deposition pro-
cesses [12]. The PLAD Mg films used in our tests
were about 0:5mm thick and covered with a 20 nm
graphite layer for protection purpose, because of
the high reaction rate of Mg with oxygen and
other gases in the atmosphere. Photocathode
protection with thin films, both permanent or
removable, has already been experienced [13,14].
In our case, the novelty is in the use of a graphite
protective layer on a Mg film. The permanent
solution is not viable because of the low electron
transmission of graphite. The protective layer is
removed by laser ablation prior to the photo-
cathode use. This cathode arrangement made the
cathode of safe maintenance and easy handling
[15]. Protection with a graphite film is more
efficient than with an MgO film because oxidation
can penetrate deeply within the Mg crystal and this
thick layer can be hard to remove [16]. The tests on
PLAD grown Mg films as photocathodes pre-
sented here are the first as far as we know.
2. Sample preparation

The films were obtained by deposition of
material ablated by a pulsed laser beam of
308 nm wavelength (Lambda Physics LPX 315i
XeCl excimer laser providing pulses of t ¼ 30 ns).
In Fig. 1 we show a sketch of the sample
preparation technique. The target where the laser
beam was focused rotated at a frequency of 1Hz.
The impinging angle of the light beam with respect
to the target surface was 45�. The target was
arranged as a disk with a 12mm diameter graphite
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Mg film 0.5 µm + Graphite layer 20 nm
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inner core fitted within a thick ring of high-purity
Mg (25mm external diameter). This special target
configuration allowed us to perform the deposition
of the Mg film and in succession (within a unique
process) of the protective graphite film coating. In
fact, the laser beam was first launched onto the Mg
external ring and in succession onto the graphite
core by a simple shift of the laser beam on the
target. Several depositions were performed at
different laser parameters inside a high-vacuum
(HV) chamber set at 5� 10�6 Pa pressure, with the
aim of obtaining thick films, well adherent to the
substrate. The quality of the vacuum was con-
trolled by a quadrupole mass spectrometer before,
after and during depositions. We have singled out
for discussion two of these films (samples 1 and 2)
that have shown better uniformities. The experi-
mental parameters used for such depositions are
reported in Table 1.
The characteristics of the deposited film depend

on the ablation rate, the plume deflection and the
morphological changes of target surface created by
prolonged laser irradiation. The right set of
parameters for a thick and adherent film has been
chosen via systematic tests on the results obtained
with different apparatus arrangements [16]. In
order to deposit one Mg film, 30.000 subsequent
laser pulses were applied. Then 2.000 and 3000
laser pulses were applied to deposit a thin layer of
graphite, respectively, for samples 1 and 2 . Before
each successive deposition run, the target surfaces
were cleaned by applying a series of laser pulses as
Table 1

Experimental conditions used for the Mg thin film deposition

Sample 1 2

Target Mg-C Mg-C

Substrate Cu Cu

Target–substrate distance 4.5 cm 4.5 cm

Laser spot size 0:90mm2 0:96mm2

Base pressure 5� 10�8 mbar 5� 10�8 mbar

Laser pulses

Mg cleaning 5000 5000

Mg deposition 30 000 30 000

C cleaning 1000 2000

C deposition 2000 3000

Laser fluence 6 J=cm2 10 J=cm2

Quantum efficiency 5� 10�5 3� 10�4
shown in the table. During these cleaning pro-
cesses, a shutter was interposed between the target
and the Cu substrate.
3. Experimental setup, results and discussion

The samples were tested as photocathodes in a
vacuum photodiode cell at 10�6 Pa and with an
applied electric field of 1MV/m. The Mg cathode
was irradiated by a frequency quadrupled (266 nm,
30 ps) Nd:YAG laser, at 0� incidence angle. For
removing the protective graphite layer, we used the
so-called laser cleaning technique. A succession of
trains of several hundred laser pulses is applied
and the QE is periodically monitored after each
train. The laser spot size had a diameter of 0.3mm
with a power density of about 1GW=cm2 (that is
300mJ=mm2). The laser beam swept a circular area
up to 2mm in diameter. Then the laser spot size
for cathode excitation was set at the diameter of
the cleaned area. The QE measurements were
made with much lower power density to avoid
space charge saturation and laser ablation pro-
cesses. Fig. 2 shows typical emission curves before
and after laser cleaning. The QEs of samples 1 and
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Fig. 2. Intensity dependence of the yield at 266 nm and normal

incidence for sample 1, before and after laser cleaning.
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Fig. 3. Microscopic image of the surface of the film, without

and with irradiation.
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2 ranged in the interval 5� 10�5–3� 10�4. This
large QE spread could be attributed both to
different film features and to a not yet optimized
and reproducible laser cleaning process. Our tests
were performed after storing the samples in air for
several weeks. This indicates that the protective
graphite layer is effective on the long term.

The EDX analysis of the composition distribu-
tion showed that the graphite protective layer was
not completely removed, scattered graphite
patches were still on the surface. A diffused
presence of oxygen was also observed. The first
layers of the films were certainly oxidized when
extracted from the vacuum environment for being
analyzed, but we may also argue that some MgO
molecules could have been formed during the
deposition process. Moreover, the SEM analysis
revealed that the laser irradiation had caused an
uneven ablation of the film surface. In fact, the Mg
film resulted nearly completely removed at few tiny
spots. This indicates that the laser power density
for surface cleaning must be less than 300mJ=mm2.
We would also add that the surface of the films did
not result flat and uniform at the best. Atomic
force microscope analysis could not be well
performed because the roughness of the substrate
was comparable with the film thickness. The SEM
analysis instead has given significant results and
confirmed that the film structure is amorphous.
The morphological features are substantially
different from those characterizing the sputtered
Mg films that we have analyzed for comparison, as
discussed further on. Those sputtered films pre-
sented a well-oriented columnar crystalline mor-
phology. In Fig. 3 we show a microscopic SEM
image of the surface of the PLAD film before and
after laser cleaning. The analyzed zone has been
chosen at first by visual inspection, to make sure
that the red color of Cu did not appear, thus
indicating that the film had not been punched.
Then, when examined at the SEM microscope, the
irradiated zone, cleaned of graphite, was clearly
distinguishable as much brighter than the non-
irradiated one. This happens because MgO has a
much higher secondary emission than graphite.

To compare, in the same experimental condi-
tions, our Mg PLAD films with sputtered Mg films
already applied as photocathodes for injectors in
other laboratories, we have tested some magnetron
sputtered films produced by industry. These films
were 10mm thick and had been transported to us
under nitrogen atmosphere. An oxide layer, that
can penetrate as deep as 150 nm, forms naturally
when the film is exposed to air after the deposition.
In our case the exposition to air during installation
was about 20min. The maximum QE we mea-
sured, after ablation of the oxide layer, was 10�4.
Our PLAD films are covered with a thin graphite
layer under vacuum, immediately after the Mg
deposition, in order to protect the Mg from deep
oxidation. This is important because PLAD films
cannot be grown much thicker than few microns.
The film is extracted from the deposition chamber
already covered with graphite. The measured
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photo-emission efficiency before graphite removal
is that of graphite itself, that is, extremely low at
266 nm wavelength. This shows that there is no
transmission of either photons or electrons across
the graphite layer. After removal of the graphite
layer we have measured a maximum QE of
3� 10�4, that is already interesting for the
application. A previous test made on thin films
(about 200 nm) without the graphite protection,
confirmed that the film had been strongly oxidized
and the QE was therefore very low (in the 10�6

range). Further tests to improve PLAD film
uniformity and thickness have been already
planned. It remains to be explained why, for both
the PLAD and sputtered films that we tested, the
QE at low field (1MV/m) was lower than the
maximum value (0.3%) of sputtered Mg films
reported in the literature [6]. In our prototype
PLAD Mg films, the difference could be due to
residual graphite clusters and the observed absence
of Mg in various zones within the cleaned area. In
the sputtered films the difference could be attrib-
uted to incomplete removal of the oxide layer.
Table 1 shows a correlation between laser fluence
and QE, but this difference could also be due to
not yet reproducible laser cleaning operations both
during film deposition and for cathode activation
before QE measurements. The film compactness
and adhesion to the substrate could be enhanced
by increasing the laser fluence because of the
higher kinetic energy of the ablated material. This
should also have a beneficial effect on QE due to
the increase of the useful emitting area. We intend
to explore the effect of the laser fluence up to tens
of J=cm2 and to improve the film purity by
lowering further the base pressure. In addition,
we intend to set up a well controlled and gradual
laser cleaning process, both during the deposition
process and for cathode activation. These im-
provements require an up-graded system that is in
course of preparation.
In conclusion, Mg thin films deposited by

PLAD technique have shown very good QE, up
to 3� 10�4 at low accelerating field and in a not
extreme vacuum environment. A 20 nm graphite
film resulted in a completely efficient protective
film. It is a simple technique for conserving spare
photocathodes within a laboratory and it allows
an easy handling of them. Advanced electron
injectors require an emitted charge of about 1 nC
from a 2mm diameter spot. If the QE is in the
order of 10�4, the required laser energy density is
much lower than the experienced damage thresh-
old of 300 mJ=mm2 . The challenges still confront-
ing us are to obtain a thick and uniform film and
to devise a non-destructive surface cleaning
technique for the activation of the cathode.
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