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Time- and angle-resolved photoelectron spectrometer based
on a picosecond Nd:glass laser system
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INFN Milano-LASA, Segrate, Milano, Italy
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A time- and angle-resolved photoelectron spectrometer based on an amplified picosecond Nd:glass
laser system is described. The kinetic energy of photoemitted electrons, excited by 0.4 ps laser
pulses at 264 nm, is measured with a time-of-flight electron energy analyzer. A theoretical model
that takes into account the electron drift inside them-metal shielded tube as far as the electron
analyzer has been introduced to calculate the energy distribution curves of photoelectrons. As a test
of the experimental apparatus we present photoemission spectra of cesiated silver excited with 4.7
eV photons. Good agreement between the experimental and the calculated distribution curves of
photoemitted electrons has been found. Finally, we have briefly discussed the electronic properties
of silver in terms of free electron andd-band transitions, together with Auger processes for photon
energies near 4 eV. ©2003 American Institute of Physics.@DOI: 10.1063/1.1574393#
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I. INTRODUCTION

Measurements of the ultrafast dynamic behavior of va
ous types of systems in physics, chemistry, and biology h
gained much interest during the last decade.1 The problem of
obtaining photoelectron spectra of solids with an ene
resolution of the order of some meV or less has also attra
interest in the last years in connection with high-temperat
superconductors.2 One reason for this trend is the availabili
of laser sources that can produce very short pulses use
time-resolved spectroscopy. Moreover, the interest for hi
brillance sources has recently grown due to the developm
of the free-electron laser~FEL! and related achievements o
tained by the Tesla Test Facility~TTF!.3,4 The sources used
to generate electron beams in the FEL are mainly rad
frequency guns, where the laser source shines on the ph
emissive material and photoelectrons are immediately ac
erated to avoid space-charge effects.5 In this context, a new
activity has recently started in the LASA laboratory with t
aim of studying the energy distribution curves~EDCS! of
electrons emitted from different materials. We have
sembled a time-of-flight~TOF! and angle-resolved photo
electron system based on an amplified Nd:glass laser sy
for measuring the EDC of photoelectron spectra, using 0.4
laser pulses at 264 nm. Generally speaking, the use of an
resolved photoemission spectroscopy~PES! is a powerful
and well-established tool for the study of the bulk and s
face electronic states of solids. Common sources of radia
for PES are mercury or rare gas lamps, electron-be
excited x-ray sources, and synchrotron radiation beams,
latter providing a widely tunable short wavelength radiatio
Unfortunately, these sources are either continuous or h

a!Author to whom correspondence should be addressed; electronic
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pulse widths longer than several hundreds of picoseco
and are, therefore, not well suited for time-resolved spect
copy. Recent advances in nonlinear optics and picoseco
laser technology provide laser-based ultraviolet radiat
sources capable of producing ultrashort pulses at a large
lection of photon energies up to 25–35 eV.6

In order to check the performance of our photoelectr
spectrometer, we have measured EDC spectra of silver
cesiated silver. A theoretical model has been also introdu
for describing the propagation of the electrons in the mat
als under investigation and their drift in the tube of the sp
trometer. Comparison with low-energy ultraviolet phot
emission data reported, for instance, by Berglund and Spi7

has shown a fine agreement with our photoemission spe
obtained by time-resolved spectroscopy. To our knowled
there are only a few papers where a TOF analyzer has b
used to study the electronic properties of solids.8,9 In particu-
lar, TOF analyzers have been used for time-resolved sp
troscopy of excited states in semiconductors.10

In the following sections, we will describe the exper
mental setup and the operational principle of the TOF sp
trometer. We shall also present new photoemission spectr
cesiated silver and discuss the electronic properties of
material at low photon energies where data are scarce.

II. EXPERIMENTAL SETUP

A. Laser system

The radiation source is a solid state laser Twinkle, p
duced by Light Conversion, LT, based on Nd:glass. It op
ates at 12.5 Hz producing IR light~1055 nm! with an energy
of 1.5 mJ. A passive mode-locked~dye cell! master oscillator
with negative feedback~for stable seeding pulse generatio!
produces 1.2 ps pulses that, after a grating stretching u
seeds a regenerative amplifier~RA!. At the RA exit, after a
il:
7 © 2003 American Institute of Physics
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grating compression unit, the IR pulse length is appro
mately 1.2 ps. The IR pulse then passes through a sp
second harmonic generator and optical compression
~type II!,11 at whose exit the pulse wavelength is 527 nm a
the pulse length is approximately 0.4 ps. The UV pulse~l
5264 nm!, generated using a KDP crystal, has a similar ti
structure. The fifth harmonic~l5211 nm! is generated com
bining the first and fourth harmonics on a BBO crystal12

Both the IR and green pulse lengths can be monitored u
a single shot autocorrelator, while the fourth-harmonic pu
is monitored using both a spectrometer and a conventio
delay line autocorrelator based on a self-diffraction te
nique on a thin quartz plate.13 The laser pulse incident on th
cathode is monitored by a fast photodiode, whose signa
then used as a trigger signal sent to the digital oscillosc
~Tektronix TDS 684C!, used for the data acquisition.

B. Time-of-flight spectrometer

The principle of a TOF spectrometer is simple. By me
suring the timeT in which an electron flies through a dis
tanceL, we know the kinetic energy of electronsEk . It turns
out that in order to get a high-resolution TOF spectromete
is necessary to let the electrons fly for a long distance
measure the flight time precisely. The experimental appar
consists primarily of an ultra-high-vacuum~UHV! chamber
and the Nd:glass laser system previously described.
main parts of the UHV system are a cathode prepara
chamber~base pressure;10210mbar), where samples ar
cesiated, an Auger electron spectroscopy~AES! analyzer
equipped with an ion gun for sample cleaning, and a cha
ber for PES studies, where the low-energy TOF analyze
installed~base pressure;10210mbar) ~see Fig. 1!. The AES
spectrometer is used to check the surface cleaning of sam
before making the TOF measurements. The vacuum cham
has six Suprasil 2 viewports for the laser light entrance
tween 20° and 80°. A turnable sample holder allows us
change the sample-analyzer angle. The TOF spectrom
consists of a 439-mm-long drift tube, where photoelectro
fly along in the presence of the unavoidable residual elec
and magnetic fields. A pair of microchannel plates~MCPs!,

FIG. 1. Schematic layout of the time-of-flight spectrometer, including
preparation chamber, the AES apparatus, the laser, and the PC-based
sition system.
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used in chevron configuration, detect the electrons at the
of the drift tube. The gain of the MCP in this configuration
106. The operating voltage across the MCPs is 1850 V w
a typical current of 63mA. The detector output has a 50V
impedence to reduce the output-pulse shape distortion an
ensure a nanosecond rise time. Two preamplifiers conne
in series amplify the detector signal: a VT110 preamplifier
then connected to the detector output and it is followed b
9301~EG&G!. The pulse rise time at the end of the pream
lifier chain is less than 2 ns, as shown in Fig. 2. The tim
delay of the preamplifier signal with respect to the start tr
ger operated by the photodiode gives the electron flight tim
All data are then collected by using a PC-based acquisi
system: whenever the signal coming from the preampli
chain is above the threshold level, the acquisition syst
counts a collected electron.

C. Energy analyzer

The TOF detector consists of an analysism-metal UHV
chamber, a drift tube, and the readout electronics. An U
transfer system allows the photocathode samples to
moved from the preparation chamber to the TOF analyze
high-precision longitudinal and rotational translator allow
us to position the samples in front of the detector and
change the angle between the sample and analyzer. The
tron kinetic energy is given by

Ek51/2m~L/T!2, ~1!

whereT is the electron time of flight,L the drift length, and
m the electron mass.

Many effects can affect the energy and distribution
collected electrons; among the most important are the sp
charge field and the residual electric and magnetic fields.
space charge field is due to the mutual interaction of e
trons in the flying bunch from the cathode to the detec
Many papers have been devoted to this phenomenon14–16and
this work showed that key elements are the charge emi
per pulse and the current density. In the case of photoem
sion measurements using short pulses, even a low ch
density can lead to a high current density. However, in
experiment the laser spot size on the sample has a radiu

qui-
FIG. 2. Typical oscilloscope signal observed after the preamplifier ch
Rise time is less than 2 ns.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2979Rev. Sci. Instrum., Vol. 74, No. 6, June 2003 Photoelectron spectrometer
about 1.4 mm and the total number of emitted electron
less than a few thousands per shot, and so, by taking
account the laser pulse duration of 0.5 ps, the current den
is about 50 mA/cm2. In this condition, the effect of the spac
charge can be neglected,14,17 as a first approximation.

The effect of the residual electric field inside the flig
tube can also change the electron energy as well as the n
ber of collected electrons. The first aspect is due to the p
ence of the field that, depending on the sign of the poten
can accelerate or decelerate the photoemitted electrons, w
the second one is caused by an electrostatic lens effec
lated to the analyzer geometry. Sources of residual elec
fields are the contact potentials between the sample and
rounding components and the building up of a charge du
dielectric layers. In our case, the contact potentials have b
balanced by applying a proper voltage between the sam
and the spectrometer, while the charging up is prevented
gold plating the flight tube components.

The residual magnetic field can further affect the el
tron trajectory and, therefore, the number of collected e
trons. In order to minimize its effect, all hardware comp
nents around the spectrometer are built up with am-metal to
shield out stray magnetic fields. Exceptions to this are
316LN CF flanges, necessary to make the connection
tween the spectrometer and the analysis chamber. To av
magnetic field flow inside the chamber through the flang
an external shield, designed and optimized using
POISSON code,18 has been installed on the system so as
reduce the magnetic field along the drift tube axis to 25 m

Even if we have reduced the strength of the resid
electric and magnetic field, their effect can still be quite i
portant. For these reasons, we have evaluated their influ
on the EDC spectra by developing a model that takes
account the effect of both fields. Since, under our experim
tal conditions, the space charge effect should be negligi
in our simulation model we have neglected the electron m
tual influence. As expected from the spectrometer geome
the effect of the residual electric field is to accelerate el
trons mainly along the TOF axis, if there is a negative p
tential between the sample and the analyzer nose. This e
raises the electron energy and allows more electrons to e
the TOF collection cone, since it increases the velocity co
ponent along the TOF axis. As a consequence, the ph
emission spectrum is shifted and distorted at low energ
because of a larger number of collected electrons. In Fig
we have shown the result of one simulation, where we h

FIG. 3. Effect of the electric field on a Fermi distribution. Electrons a
generated with a Fermi energy of 0.5 eV and drift under the influence
potential difference of 1 V applied between the sample and the spectrom
nose.
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studied the distortion on a Fermi distribution with Fermi e
ergy EF50.5 eV, due to an accelerating potential of 1 V.

The three spatial components of the residual magn
field ~see Fig. 4!, measured along the TOF tube axis with
flux-gate magnetometer, have been also included in the si
lation program. The main effect of the magnetic field is
modify the electron trajectories, which is important for em
sion angle measurements. In Fig. 5~a!, we have shown the
distortion of electron trajectories caused by the residual m
netic field, as obtained by our simulation program. Our p
cedure was to generate monoenergetic electrons, with
kinetic energy (Ek50.2 eV) and directed inside the geom
etry of the collection cone, and then to start the simulat
program. The magnetic field can prevent low-energy el
trons from reaching the MCP detector. This effect is evid
in our PES measurements. For example, in Fig. 5~b!, the
Fermi distributions (EF50.5 eV), measured before and aft
the electron flight towards the detector, are compared
one can see how the resulting spectrum is mainly affecte
low kinetic energy. This simulation result has been obtain

a
ter

FIG. 4. ~a! Sketch of the analysis chamber and drift tube for TOF measu
ments. The picture shows the sample position (z50 mm), the flight distance
L, and the viewports for the entrance of the laser radiation.~b! Residual
magnetic field components measured along the drift tube axis~sample po-
sition atz50 mm; detector position atz5439 mm). Note the strong varia
tion of the longitudinal component~also, the position of the two maxima! in
the shielded junction zone~between the chamber and the drift tube!, where
the 316LN CF flanges are used.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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by considering the value of the residual magnetic field m
sured inside the TOF tube and the geometrical dimensio
our spectrometer.

The spectrometer energy resolution is given by

DE/E52A~DT/T!21~DL/L !2, ~2!

whereT(E) is the transit time,L is the transit distance,DT is
the uncertainty in the transit time, andDL is the uncertainty
of the transit distance. We have determined the energy r
lution of our spectrometer by measuring many photoem
sion spectra from cesiated silver samples and compa
their Fermi edge with the convolution of the Gaussian dis

FIG. 5. ~a! Simulation of the residual magnetic field effect on the electr
paths inside the drift tube for monoenergetic electrons (Ek50.2 eV). Pro-
jections along the Cartesian axes are also reported.~b! Influence of the
residual magnetic field on the Fermi distribution. The simulation obtai
for a distribution with a Fermi energy of 0.5 eV shows a cut in the elect
counting at low kinetic energy~from 0 to 0.2 eV!. The figure also shows a
comparison between the electron energy distributions before and afte
flight in the TOF tube.
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bution with the Fermi function at 300 K. The standard d
viation of the distribution gives the energy resolution of t
spectrometer. Figure 6~a! shows an example of our measur
ments made at kinetic energy of 1.9 eV. The 15 meV ene
resolution we have obtained is in excellent agreement w
the theoretical value of 14 meV calculated with Eq.~2!, un-
der the assumption that the major contribution will be giv
by the 2 ns uncertainty due to the acquisition system. I
worth comparing our result with those obtained in PES.
good PES instruments the spectrometer resolution is of
order of 10 meV and, therefore, it allows, for example,
very detailed study of temperature effects or the investiga
of excitation spectra of solids close to the Fermi energy.
example of a high-resolution photoemission spectrum fr
silver around the Fermi energy, together with its analysis
terms of the Fermi function and Gaussian broadening,
been made at 15 K by Pattheyet al.19 with photon excitation
of 21.2 eV. The energy resolution of this PE spectrome
was found around 25 meV in line with our results in Fi
6~b!. At lower energy, however, the energy resolution of
TOF spectrometer may worsen somewhat, due to the e
of the residual magnetic field. In our case, we have measu
an energy resolution close to 25 meV at 0.4 eV.

d
n

he

FIG. 6. ~a! Energy resolution of our TOF spectrometer measured on a
siated silver sample: the resolution iss50.015 eV for the Fermi energy o
1.9 eV.~b! High-resolution photoelectron spectra from a silver metal arou
the Fermi energy and its analysis in terms of the Fermi function and Ga
ian broadening~adapted from Ref. 19!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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III. PERFORMANCE

In order to test our spectrometer we have chosen a w
known material like cesiated silver. The electronic struct
of silver and cesiated silver had been studied in photoem
sion a long time ago.7,20 The cesiation process covers th
silver surface with 1 ML~or less! of cesium, and reduces th
Fermi edge from 4.25 to 2.9 eV, so that it is possible to pro
deeper levels in the conduction band of silver.7,21

Figure 7~b! shows the experimental EDC spectrum
cesiated silver for photon energy at 4.7 eV, measured a
balancing the contact potential. This spectrum has been
compared with the electron energy distribution curve de
mined by considering the theoretical joint density of states
silver.22 The calculated EDC spectrum takes into acco
both the electron propagation in the sample, includ
electron–electron scattering and Auger processes@Fig. 7~a!#,
and the electron flight in the drift tube under the influence
the residual magnetic and electric fields@Fig. 7~b!#. The good
agreement above 0.5 eV between the experimental and
theoretical distribution curves confirms the validity of o
model. At low energy, where the magnetic residual field c
strongly perturb the electron distributions, we believe t
the difference between the experimental and calculated s

FIG. 7. ~a! Calculated electron EDC at the sample surface.~b! Comparison
of the experimental EDCs of photoelectrons after their drift in the TOF t
with the simulated electron EDC.
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tra is mainly due to the approximation of cylindrical symm
try assumed for the expansion of the magnetic and elec
fields out of the axis in the calculation. In fact, the measu
ments of the residual magnetic field have been done o
along the TOF axis, due to the sensitive volume of o
probes with respect to the dimension of the drift tube.

Moreover, the fine agreement between the TOF spe
with the low-energy ultraviolet photoemission spectra
ported in the literature7 confirms the validity of our proce-
dure and analysis and gives further new insight into the e
tronic properties of cesiated silver at these photon energ
In this spirit, we have shown in Fig. 8~b! the experimental
electron EDC spectra for photon energies at 4.1, 4.3, and
eV, reported by Berglund and Spicer,7 together with our elec-
tron EDC spectrum excited with 4.7 eV photons@Fig. 8~a!#.
Our spectrum has been accelerated by a few hundred
meV in order to measure also the low kinetic energy el
trons, which would not have been collected otherwise
cause of the influence of the residual magnetic field. Firs
all, we can note that our spectrum is very similar and co
sistent with those measured by ultraviolet photoelect
spectroscopy. Then, we see that, except for the high-en
peak ~observed forEk between 1.7 and 2.7 eV in Fig. 8!
associated with a peak in the density of states at 0.3
below the Fermi level, the electron EDC spectra are w
described by the energy distribution curves due to the Au
process and electron–electron scattering.7 As for the high-
energy peak, Erenreich and Philipp23 have shown in detail

e

FIG. 8. ~a! Cesiated silver spectrum obtained with the TOF technique, us
exciting photons of 4.7 eV.~b! EDC spectra of photoelectrons from cesiate
silver excited at photon energyhn54.3, 4.5, and 5.4 eV~adapted from Ref.
7!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2982 Rev. Sci. Instrum., Vol. 74, No. 6, June 2003 Michelato et al.
that interband transitions do not become dominant in sil
until the photon energyhn.3.5 eV and that only a ‘‘free-
electron’’ absorption can be active for energieshn,3.5 eV.
The energy distribution curves of photoemitted electrons
hn,3.5 eV shown by Berglund and Spicer illustrate th
point very well. The peak atEk52.25 eV, near the maximum
electron energy, becomes more apparent as the photon
ergy increases, but does not dominate the distribution. T
peak is due to direct transitions from the peak in the den
of states at the critical pointL28 , as shown, for instance, in
the electronic band structure calculated by Segall.24 It also
turns out that the low-energy peak atEk50.75 eV, due
mainly to Auger processes, begins to appear when the ph
energy is approximately 4 eV and that at higher photon
ergies the EDCs are essentially independent from the ph
energy.7 The characteristic electron distributions due to t
Auger effect should also be relatively constant in shape
magnitude for excitations around 4.0–4.2 eV, untild elec-
trons are excited directly in the energy distributions at ab
5.7–5.8 eV, obscuring the Auger distribution curves.

IV. DISCUSSION

We have assembled a time-of-flight and angle-resol
photoelectron system based on an amplified Nd:glass l
system for measuring the EDC of photoelectron spectra
ing 0.4 ps laser pulses at 264 nm. We have then discusse
possibility of obtaining photoelectron spectra near the Fe
level with an energy resolution of 15 meV by means o
TOF analyzer and an UV laser light source. The TOF te
nique is particularly useful for laser photoemission since
light source is pulsed and the detector is not restricted
particular energy window. The photoemitted electrons d
for a 439 mm distance through am-metal shielded tube be
fore reaching the electron detector. The detector consists
grounded stainless mesh, a pair of chevron microchan
plates, and a single detection anode with stop electron
The apparatus allows us to measure the energy distribu
curves of photoelectrons emitted with kinetic energy b
tween 0 and 5 eV. As a test of the experimental system,
have examined the electron energy distribution curves fr
cesiated silver samples excited with 4.7 eV photons and h
briefly discussed the silver electronic properties in terms
free-electron andd-band transitions, together with electron
Downloaded 07 Jul 2003 to 192.84.140.41. Redistribution subject to A
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electron scattering and Auger processes, which are active
photon energies near 4 eV. We have also developed a s
lation model for describing the transport of electrons both
the examined materials and in the drift tube of the spectro
eter, by taking into account the residual magnetic fie
which produces a cut in the photoemission spectrum be
0.25 eV, as observed in our photoemission spectra.
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