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Dedication
In memory of my father who died of cancer over six years ago;
you are still sadly missed Dad.

"There is a tide in the affairs of men.
Which taken at the flood, leads on to fortune;
Omitted, all the voyage of their life
Is bound in shallows and in miseries."

from Shakespeare's play, Julius Caesar.

Abstract
Two possible mechanisms for the ejection of electrons from a metal surface are;
(1) the photoelectric effect and (2) thermionic emission. The former process is
observed when the energy of a single incident photon fho)) is greater than the
work function (0 ) of the surface; the excess photon energy being transferred to
the released electron as kinetic energy. However, when very intense radiation
fields are incident upon the surface, new multiquantum phenomena become
possible, such that when n},ù)>0, electrons are also emitted.

The further

phenomenon of above-threshold ionization (ATI) in which the ionised electron
acquires additional quanta (stico) from the radiation field is well-known for gasphase atoms, but is still the subject of intense investigation for solids.

In this work, electron emission from three metal surfaces (copper, gold and silver)
has been investigated using an 8ns Nd:YAG laser (X=1064 or 532nm, 30Hz
repetition rate). The average laser power density at grazing incidence to the
sample was ~60MWcm'^ such that multiquantum processes should be observable.
The emitted electrons were energy-analysed using a single hemispherical analyser.
Ejected electron energy spectra have been investigated at different laser
polarisations and intensities. When the laser polarisation was parallel to the
surface, a single low energy ejected electron peak was observed, hi contrast, when
the polarisation was perpendicular to the surface a double-peaked structure was
observed. However, the total electron yield was strongly dependent upon the
incident laser flux and at high intensities the multiquantum process could be
masked by thermionic emission. Nevertheless, this work clearly demonstrated that
there is evidence for a multiquantum photoelectric process from pure metallic
surfaces.
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was unpolarised. The collection time for each spectrum was 2
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incident at a glancing angle (85°), in {b} the target was moved
further into the path of the beam. This had the effect of increasing
the overall photoelectron yield, especially at high kinetic energies.

4.1c

The measured electron energy distribution of ejected electrons

from a copper target using the RFA. The target was moved further
into the path of the unpolarised laser beam compared with {b}.
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The background electron signal with the laser beam not

163

impinging directly onto the target.
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ejected with kinetic energies greater than 3eV, while in {b}, the number
of electrons ejected with energies greater than 3eV was negligible.
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43e& f

Similar to the previous spectra except that the target

surface was now almost fully in the path of the impinging laser
beam. In {f}, the number of electrons ejected with kinetic energies
between 8 and lOeV is extremely significant. By examining the
trend of this integral distribution it is reasonable to assume that
electrons with energies far greater than lOeV were being produced.
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4.4a&b

The measured electron energy distributions of ejected
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field of the laser beam was polarised perpendicularly to the target
surface, in {b}, parallel to the surface. The collection time for
each spectrum was 4 hours, hi {a}, the peak electron intensity
is twice that shown in {b} indicating that electron emission is
more favourable when p-polarised light is incident on the target.
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An identical spectrum as Figure 4Ab except that the plot
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has been magnified to show more detail. The incident laser beam
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The measured electron energy distributions of ejected

electrons from a copper target using the CHA. In {a} the electric
field of the laser beam was polarised perpendicularly to the target
surface, in {b}, parallel to the surface. The collection time for
each spectrum was 2V2 hours. In both spectra there is a peak
around 1.25eV but in {a} a second peak is clearly visible at
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3eV. The difference between the peaks is «1.75eV, greater
than the laser photon energy.
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The measured electron energy distributions of ejected
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field of the laser beam was polarised perpendicularly to the target
surface, in {b}, parallel to the surface. The collection time for
each spectrum was 15 hours. The glancing angle was increased
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field of the laser beam was polarised perpendicularly to the target
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of electrons emitted from the silver surface was greater with
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each spectrum was 1 hour. Effectively no electrons were emitted
from the silver surface with energies greater than 6eV when
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4.10a&b

The measured electron energy distributions of ejected

electrons from a silver target using the CHA. In {a} the electric
field of the laser beam was polarised perpendicularly to the target
surface, in {b}, parallel to the surface. The collection time for
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each spectrum was 2 hours. In both spectra there is a peak at 2eV
but in {a} another peak is evident at 5eV. The energy difference
between the two peaks does not coincide with the laser photon
energy of l.lTeV.

4.10c&d

As 4.10 {a} & {b} except that the laser pulse energy
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was increased by adjustment of the laser oscillator flashlamp voltage.
In {d} the electron energy basewidth has remained the same as {b}
but the peak electron intensity has doubled, hi {c} the peak electron
intensity has also doubled but the electron energy FWHM has now
widened and hence the smaller peak at 5eV is now more difficult to
detect.
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electrons from a gold target using the CHA. In {a} the electric
field of the laser beam was polarised perpendicularly to the target
surface, in {b}, parallel to the surface. The collection time for
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The measured electron energy distributions of ejected
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electrons from a gold target using the CHA. In {a} the electric
field of the laser beam was polarised perpendicularly to the target
surface, in {b}, parallel to the surface. The collection time for
each spectrum was IV2 hours. Substantially more electrons were
emitted from the surface and electrons emitted with energies up
to 13eV were recorded with p-polarised light.

4.13a&b

The measured electron energy distributions of ejected

electrons from a gold target using the CHA. The electric field
of the laser beam was polarised perpendicularly to the target
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surface. The collection time for each spectrum was IV2 hours.
In {b} the target was moved further into the path of the beam,
increasing the photoelectron yield at high kinetic energies.
Similar results were found with the RFA for copper {Figure 4.1}.
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The measured electron energy distributions of ejected
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electrons from a silver target using the CHA. In {a} the electric
field of the laser beam (hu=2.34eV) was polarised perpendicularly
to the target surface, in {b}, parallel to the surface. The collection
time for each spectrum was 7 hours. In both spectra, the main peak
has an electron energy of 1.25eV. A second smaller peak is clearly
visible at 2.75eV in (a) but is not observed in {b}.
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The measured electron energy distributions of ejected
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electrons from a silver target using the CHA. The electric field
of the laser beam (hu=2.34eV) was polarised perpendicularly to
the target surface. The collection time for each spectrum was 10
hours. In {b} the laser pulse energy was increased by adjustment
of the laser oscillator flashlamp voltage. This had the effect of
extending the electron energy distribution and enhancing the
high-energy peak.
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from a gold surface versus polarisation angle, "n. The ejected
electrons had a kinetic energy of 3eV.

4.16b As {a} except that the ejected electrons had a
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energy of 6eV. At 90®, the polarised laser radiationwas
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The polarisation dependence of photoelectron

from a gold surface versus polarisation angle, r\. The ejected
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195

energy of lOeV. At 90°, the polarised laser radiation was
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field of the laser beam was polarised perpendicularly to the target
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energy of 8eV. At 90°, the polarised laser radiation was
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electrons had a kinetic energy of 4eV.
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energy of 6eV. At 90°, the polarised laser radiation was
incident perpendicularly to the copper surface.
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from a copper surface versus polarisation angle, r\. The ejected
electrons had a kinetic energy of SeV.

4.19a The measured electron energy distribution of ejected
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electrons from a gold target using the CHA. The electric field
of the laser beam was polarised perpendicularly to the target
surface. The collection time was 1 hour.

4.19b The laser intensity dependence of the measured
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photoelectron signal from a gold surface. The ejected electrons
had a kinetic energy of 3eV. The slope of the graph, n, is 4.5.

4.19c

The laser intensity dependence of the measured
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photoelectron signal from a gold surface. The ejected electrons
had a kinetic energy of 5eV. The slope of the graph, n, is 8.0.

4.19d As {c} except that the ejected electrons had a kinetic
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energy of 7eV. The slope of the graph, n, is 8.0.

4.19e

The laser intensity dependence of the measured
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photoelectron signal from a gold surface. The ejected electrons
had a kinetic energy of 9eV. The slope of the graph, n, is 9.0.

4.20a The measured electron energy distribution of ejected
electrons from a copper target using the CHA. The electric field
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of the laser beam was polarised perpendicularly to the target
surface. The collection time was 4V2 hours.

4.20b The laser intensity dependence of the measured
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photoelectron signal from a copper surface. The ejected
electrons had a kinetic energy of 2eV.

4.20c As {b} except that the ejected electrons had a kinetic
energy of 4eV. The slope of the graph, n, is 6.0.
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Chapter 1
INTRODUCTION

1.1

THE

SINGLE

-

PHOTON

PHOTOELECTRIC EFFECT
In 1839, Edmund Becquerel made the important discovery that when two metal
electrodes are immersed in a liquid electrolyte solution, a small but detectable
current is generated upon illumination of one of the electrodes with sunlight.
Subsequently, Becquerel experimented with a number of different electrodes and
electrolytic solutions. He found that cells containing platinum or gold electrodes
coated in silver chloride and with water acidified with nitric acid as an electrolyte
generated a steady current for about two hours. Blue light was found to be a
better current generator than either red or yellow hght, the energy of the
illuminating beams being equal. This phenomenon was entitled 'The Photovoltaic

^ e c t.
hi 1873, a related effect, 'The Fhotoconductive Effect, was discovered by
Willoughby Smith. While using selenium bars as h i^ resistances in the testing
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of long submarine cables, he observed that as the selenium bars became exposed
to sunhght their resistance fell by up to 100%. It was possible that such an effect
was due to simply a thermal change in resistance of the bars, therefore he placed
them in cool water and determined that the decrease in resistance did not diminish
as a function of temperature. He correctly concluded from this that the reduction
in resistance of the selenium bars was an effect of the illuminating hght.

However, the most conclusive evidence for 'A Pkotoemissive Effect was made by
Heinrich Hertz in 1887. During his classical researches on electric waves and
osciUations, Hertz observed that sparks occurred more readüy in the air gap of his
transmitter when light was directed at one of the metal terminals. He reported
that: Tn a series of experiments on the effects of resonance between very rapid
electric oscillations that I carried out and recently published, two electric sparks
were produced by the same discharge of an induction coil, and therefore
simultaneously. One of these, spark A, was the discharge of the induction coil,
and served to excite the primary osciUation. The second, spark B, belonged to the
induced or secondary oschlation. I occasionally enclosed spark B in a dark case
so as to make observations more easily, and in so doing I observed that the
maximum spark length became decidedly smaller inside the case than it was
before.' {Hertz (1887)).

By studying the interference between the two sparks Hertz concluded that ultra
violet hght was responsible for the observed phenomenon. Hertz also found that
the effect of the radiation was greatest when it was incident on the negative
terminal of the gap, that a larger rounded metal terminal yielded a greater effect
than a smaU pointed one, and that heshly polished surfaces were more responsive
to the ultra-violet radiation than tarnished surfaces.

However, Hertz's experiments could not identify any electrons being emitted from
the surface since the electron itself had yet to be discovered. Once JJ. Thomson
estabhshed the 'existance' of electrons in 1897, within two years he had also
demonstrated that the negative particles emitted in the previously observed
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photoelectric effects were electrons. Lenard's experiments in 1902 to determine
the electron charge-to-mass ratio e/m led him to the conclusion that the maximum
speed of the ejected electrons was independent of the illuminating light intensity
and appeared to increase linearly with frequency; their number being directly
proportional to the hght intensity for a given frequency. This was in contrast to
the conventional theory of hght as a wave, which would not predict any
wavelength dependence, since the energy of a wave is only proportional to its
amplitude. The solution to this paradox was due to Einstein's hypothesis that hght
is quantised in photons. In 1905, when Einstein was just 26 years old, he
published the now classic paper entitled: 'On a heuristic viewpoint concerning the
production and transformation of hght' that was to bring Einstein the Nobel Prize
for Physics sixteen years later.

The fundamental theory of photoelectric emission was put forward by Einstein on
the basis of Planck's quantum theory. In 1900, Max Planck derived a formula for
the spectral emittance, Sx, of a blackbody;

Sx = {(2Tic"h)/A.5} X { l/e^/^"-l} ,

(1.1)

where c is the speed of sound in air, h is Planck's constant, X is the wavelength
of emittance, k is Boltzmann's constant and T is the temperature of the emitter.

Planck sought to explain the spectrum of the radiation emitted by bodies of
condensed matter. Planck treated the 'blackbocfy radiation' emitted as a smooth,
continuous distribution of energy, exactly as it was siçposed to be according to
the basis of the physical principles accepted at the time - classical electromagnetic
wave theory. Hence, when radiation is incident on a metal plate the energy of the
wave should be transferred uniformly to the electrons in the surface and the
amount of energy taken up by the electrons should be proportional to the intensity
of the wave.

The process of transfer of energy to the electrons should be

independent of the frequency. However, Einstein proposed a revolutionary idea
that electromagnetic radiation consists of particle-like packets of energy - photons
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- that travel with the velocity of light. Together Planck and Einstein found that
the quanta associated with a particular frequency, u, of light must all have the
same energy and that this energy E is directly proportional to u. That is E=hu.
Einstein extended Plank's quantum theory of thermal radiation and apphed it to the
photoelectric effect and made the assumption that in the photoelectric effect one
photon is completely absorbed by one electron which thereby gains the quantum
of energy and may be emitted from the metal. The electrons are initially bound
in the metal, but if the quantum of energy hu absorbed by an electron exceeds the
magnitude of the binding energy, it is released from the metal and takes up the
balance of the energy in the form of kinetic energy. Hence the maximum possible
kinetic energy, V2 mv^^^ of the photoelectrons is determined by the energy of each
photon, hu;

hu = V2mv^„,, +

where the work function,

0

0

,

( 1 .2 )

, is the minimum energy needed to extract an electron

from the surface of the material. More tightly bound electrons or electrons which
have suffered collisions inside the metal before escaping from the surface may
emerge with kinetic energies less than the maximum. From Eq. 1.2 it is clear that
the maximum kinetic energy is directly proportional to the frequency and that
there must be a threshold frequency, u^, given by hug=0 , below which there wül
be no photoemission. The value ofu^ depends on the work function for each
particular material.

Einstein's theory of the photoelectric effect imphes that the emission of one
electron is associated with the absorption of one photon. It does not foUow that
every photon incident on the metal surface causes emission of an electron, even
though the photon energy is above threshold. The photons can be involved in
many alternative processes, and hence the efficiency of the photoelectric effect is
very much less than 100%. This efficiency is of considerable importance in the
design of photoelectric devices.
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To investigate the phenomenon of photoelectric emission, a knowledge of the
relationshp between the two essential properties of electro magnetic radiation,
namely its wavelength and its intensity, is necessary. Hence, the number of
released photoelectrons (photoelectric current) and the energy of the photoelectrons
as a function of illuminating wavelength and intensity must therefore be analysed.
In an experimental arrangement as shown in Figure 1.1, hght from an ultra-violet
source illuminates a metal anode enclosed within an evacuated quartz tube.
Electrons are subsequently ejected from the anode. Some of the electrons ejected
have sufficient energy to reach the collecting electrode (the cathode) despite its
negative polarity. A galvanometer detects this flow of electrons in the circuit.
The kinetic energy of a moving electron is given by the product eV, where e
represents the electronic charge and V the negative potential which the electron
can overcome owing to its kinetic energy. The kinetic energy of the ejected
'photoelectrons' is deduced by applying an adjustable retarding potential between
the emitting and coUecting cathode. With the polarity indicated in Figure 1.1, as
the retarding potential increases, so fewer electrons reach the cathode and hence
the flow of electrons decreases. When the potential equals or exceeds the initial
kinetic energy of the photoelectrons, nominally of the order of a couple of volts,
no further electrons strike the cathode and the flow of current stops. The potential
recorded is then known as the stopping potential, and is equal to the kinetic energy
of the photoelectrons Eg=eV^p. If measurements are taken with monochromatic
light but at different known illuminating intensities, a series of curves may be
obtained. Figure 1.2. These curves all converge towards the same point on the
abscissa such that the maximum velocity of the photoelectrons is the same at all
light intensities.

The observation that the relative number of ejected

photoelectrons increases as the light intensity increases can also be deduced from
this series of graphs; the photoelectric current, j, being directly proportional to the
hfuminating hght intensity, I. If the hght intensity is kept constant, investigations
of the number of photoelectrons emitted as a function of the wavelength of the
illuminating hght may be made {Figure 1.3}. Under these conditions, aU of the
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L ig h t

Electrons

Evacuated quartz tube

rA/WWV

{Figure 1.1}

A simple apparatus used to observe the photoelectric effect.

curves converge towards the same point on the ordinate (assuming that the
sensitivity of the cathode is constant) but the maximum velocity of the electrons
increases as the wavelength decreases.

LLl

Summary

In this section, the origin of the single-photon photoelectric effect was discussed.
This included a brief summary of the early important findings, from The
Photovoltaic Effect discovered by Becquerel, to an analysis of Einstein's
Photoelectric Equation; hu = V2 mv^

+ 0.

In the next section, the concept of the photoelectric effect is extended by the
introduction of The Multiquantum Photoelectric Effect.
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{Figure 1.2}

An evaluation with monochromatic light and varying

intensity. The curves are marked /,,

{Figure 1.3}

and T, with increasing hght intensity.

The light intensity is constant and the wavelength is varied.

The curves are marked

1%and

with increasing wavelength.

V,
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1.2

The Multiquantum Photoelectric Effect

The phenomenon of multiquantum photoelectric emission has been of interest to
physicists for at least a quarter of a century. In the multiquantum photoelectric
effect, photon energies less than the work function of the target material can lead
to the emission of electrons from the solid surface. The necessary requirement to
achieve this multiquantum photoelectric emission is a sufficiently intense light
source. These high intensities have only recently become available with the
advent of high-power pulsed laser systems.
When the surface of a solid, in particularly a metal, is subjected to the highintensity oscillating electromagnetic field of a laser beam, electron emission can
arise through either; (1) the photoelectric effect, (2) tunnel-emission due to the
oscillating electric field or (3) thermionic emission. Each of these three processes
is shown in Figure i,4 on a simplified rectangular potential diagram.
In this work, direct photon-electron interactions involved in the photoelectric effect
were to be investigated. Thermionic emission processes resulting from indirect
photon-electron interactions cannot, however, be overlooked since thermionic
emission readily occurs in tandem with the photoelectric effect.

Hence,

contributions from thermionic emission must also be quantified.
Prior to the development of lasers in the 1960's, photoelectron emission was only
known in the form of the linear photoelectric effect given by Einstein's equation;
hu = V2 myp'^^ +

0

(Eq. 1 .2 ), and by the linear relationship: j oc I between the

photoelectric current j and the light intensity I. For these single-photon absorption
processes, the photoelectric effect is restricted to photons of energies hw>0 .
With typical values of 0S;4eV for the majority of common metals, the maximum
wavelength,

= ^c/0 , to achieve electron emission is A,^^^:s310nm, i.e. in the

ultra-violet part of the electromagnetic spectrum. However, in the presence of the
very high field strengths [I^ lO^Wcm'^] produced by a laser beam, the photoelectric
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1. Photo effect
3. Thermionic
emission
Work
function
\ 2 . Tunnel emission

Fermi

{Figure 1.4}

A simplified rectangular potential diagram describing the
three electron emission processes.

effect may be produced by simultaneous absorption of n quanta. Hence, with
multiquantum absorption processes from intense laser fields, electron emission
becomes feasible for considerably longer wavelengths, i.e. in the visible and the
infra-red parts of the electromagnetic spectrum.

The first theoretical works

{Makinson & Buckingham (1951); Smith (1962); Adawi (1964); Teich & Wolga
(1968); Marinchuk (1971) and Barashev (1972)) estimated the photocurrent
produced in such multiquantum processes by calculating the transition probability
from the fundamental bound state to the free electron bound state. Einstein's
simple equation and the linearity relationship are then no longer strictly valid and
must be replaced by the multiquantum photoeffect equation;

nhu = V2 m v\

(T3)

and j ~ r respectively, where n = [(O/hu)] is the order of the non-linearity. A
plot of In j as a function of In I then yields a straight line of slope n.
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i

{Figure 1.5}

The principle of the multiquantum photoeffect process.

In the multiquantum photoeffect, the work function 0 o f a metal, characterised by
the Fermi energy of the Sommerfeld-type conduction electron gas will always be
higher than the photon energy hu of the irradiating laser light. Within the fermi
sea the electrons are able to move freely in all directions except in the direction
normal to the surface. Hence, the multiquantum photoelectric effect is a vectorial
one and depends only on the laser electric field component, E^, which is
perpendicular to the surface; j a

« p.

Figure 1.5 shows the principle of the multiquantum photoeffect process. An
electron is emitted from the surface even though the incident photon energy is
smaller than the electron binding energy.

This process occurs through

simultaneous absorption of several photons (two photons in the case of Figure
1.5), in a time period determined by The Heisenberg Uncertainty Principle; and
this time will be of the order of the laser period. In order for the electron to
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absorb several photons simultaneously, the incident photon flux on the surface
needs to be extreme, hence high laser intensities are therefore required.

rif

With extremely intense laser beams there is strong deformation of the potential
barrier [Figure 1.4} and so optical tunnel emission can also occur. Farkas,
Horvath & Kertész ( 1972) showed, using mode-locked laser pulses, that a decrease
in the order of the non-linearity of photoemission, n, occurred when the gold
target was subjected to picosecond laser pulses of extremely high intensities
(=16GWcm^).

This phenomenon the authors attributed to the theoretically

predicted {Keldysh (1965) and Bunkin & Fedorov (1965)) appearance of optical
turmel emission. However, in the case of metal targets, there is a transition
interval between the domination of the pure non-linear multiquantum photoeffect
and the on set of optical tunnel emission [Figure 7.6}. Keldysh (1965) derived
a formula from which the dominant type of electron emission can be calculated
by defining a parameter, y. The dependence of the photoelectric current, j, on the
laser intensity. I, in the pure non-linear multiquantum photoeffect case is j a
a r.

In this instance, y » 1.

While in the pure optical tunnel-emission case,

j a

exp(»P/E), where P is a constant. In this instance, y < 1. In both cases,

however;

y = (27iu\/2m<ï>)/eE,

(1.4)

where u is the frequency of the laser pulse, m and e are the mass and charge of
an electron respectively. In the transition interval, the photocurrent, j, should
increase more slowly than the relation j a F. For our application, using the
fundamental frequency (À= 1064nm) of the laser on a pure gold surface, and
assuming that the electric field of the laser beam was no greater than l()^Vm'\ the
value of y was very much greater than 1. Hence, our experiments were performed
within the regime where the multiquantum photoelectric effect is dominant, and
the probability of optical tunnelling negligible, but concurrently there will still be
some thermionic emission.
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{Figure 1.6}

A diagram illustrating the transition interval between the

domination of the pure non-linear multiquantum photoeffect and optical tunnel
emission.

Although difficult to eliminate completely, there are a number of methods
available to reduce the contributions to the emitted electron signal from thermionic
emission processes. Bunkin & Prokhorov (1967) suggested that by reducing the
duration of the laser pulse and concurrently increasing its intensity, higher order
multiphoton processes can be made to dominate over single-photon thermionic
processes. Thermionic emission can also be reduced if the impinging laser beam
strikes the target surface at a shallow angle - grazing incidence. Under this
condition the emitting surface is automatically larger since the incident laser
energy is distributed over a larger surface area. It is also possible to select targets
of high reflectance since the absorbed energy is then reduced considerably.
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In addition to thermionic emission, it is possible to have laser-induced electron
emission effects that are not 'pure' thermionic emission but do however depend on
thermal phenomena; this mechanism is known as photon-assisted thermionic
emission. The incident laser pulse produces a rise in temperature at and very near
the surface of the target material so that more electrons occur in the tail of the
Fermi-Dirac energy distribution than is characteristic at room temperature. These
electrons may then be ejected from the metal surface by a multiphoton effect.

Early experimental and theoretical work have suggested that the multiquantum
photoeffect is characterised by:
1).

A strong polarisation dependence; the photocurrent depending only on the

component of the optical field strength which is perpendicular to the target surface.
This phenomenon was first demonstrated by Farkas, Ndray & Varga (1967).
2).

The photocurrent varies with laser intensity in the form of a power

dependence of order n, until at higher intensities where the dependence is found
to be of the form n + x, where x can be greater than or less than n, depending on
the experimental conditions.

3).

The time delay between the arrival of an incident laser pulse on the target

surface and the emission of the photoelectron pulse is immeasurable. However,
thermal electrons are time-delayed.

4).

Owing to the non-linear response of the target cathode, the duration of the

photoemission pulse T is shorter than that of the exciting laser pulse T^. With
Gaussian pulse shapes: T = TjVn.

5).

The energy distribution of photoelectrons exhibits a maximum, while that

of thermal electrons has an exponential decay form decreasing from zero kinetic
energy.

^
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1,2*1

Multiphoton Ionisation (MPI) O f Atoms

Several authors have made analogies between the multiquantum photoelectric
effect of surfaces and the multiphoton ionisation effect of gaseous atomic targets.
It is therefore necessary to briefly review MPI processes.

In 1931, Goppert-Mayer published the first theoretical paper to discuss
multiphoton processes.

It was entitled 'Simultaneous two-photon absorption'.

Other theoretical papers followed some years later; Keldysh (1965), Zernik &
Klopfenstein (1965), Klarsfeld (1970), Faisal (1973) and Klar^eld & Maquet
(1979). It was, however, to be another 30 years before the first experiment was
performed to demonstrate such a process since, until then, no intense
monochromatic light source existed that was capable of probing such effects.
Voronov & Delone in 1965, followed by Agostini et a l, 1968, were the first to
observe multiphoton ionisation (MPI) of rare-gas atoms. These early experiments
on multiphoton ionisation of atoms were concerned with observing the behaviour
of the total ionisation cross-section.

It was not until the early 1980's that

investigators began studying the angular and kinetic energy distributions of the
electrons ejected in the process. The reason for observing the energy of the
emitted electrons is to discover whether, in a specified laser intensity range, the
bound electron absorbs predominantly the minimum number of photons necessary
for the atom to be ionised, or whether additional absorption of photons in the
continuum is of significance - 'above-threshold ionisation' - an expression first
used by Gontier et al (1980). (In some hterature, above-threshold ionisation,
'ATI', is referred to as excess photon absorption, 'EPA'). The first experimental
evidence of multiphoton above-threshold ionisation was reported in a letter by
Agostini et al (1981). In this experiment, xenon gas was ionised by the field of
a frequency-doubled (hu=2.34eV) NdiYAG laser (15ns pulse width, 200mJ
pulse energy, lOHz repetition rate).

It was demonstrated that a neutral xenon

atom could absorb iq) to four photons above the six-photon ionisation threshold
in a direct, bound-free, transition from the ground state.
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Subsequently, there have now been a number of experimental investigations of
the multiphoton ionisation of atoms which have clearly demonstrated that a high
intensity laser light field can make an electron absorb a number of photons greater
than the minimum number required for ionisation, a selection of the outstanding
contributors to the field are mentioned here; Feldmann et al (1988), Freeman et
al (1988), Petite & Agostini (1988), Schwier et al (1988), Feldmann (1990) and
Muller {\990).

N

It has therefore been proposed that the multiquantum photoelectric process may
show similar effects to the multiphoton ionisation process, with the target surface
absorbing s photons greater than n, the number needed to overcome the surface
work function; the excess energy (approximately s minus n) being transferred into
the kinetic energy of the photoelectrons. The multiquantum photoelectron kinetic
energy spectrum for solids may therefore be analogous to the multiphoton
ionisation spectrum for gases,
(Sj-n)

showing discrete peaks for each quanta,

(Sj-n),

The purpose of this project was, in part, to validate this hypothesis.

However, it is first necessary to review earlier experimental work on the
multiquantum photoelectric effect (MPE).

1.3

Review Of The Multiquantum Photoelectric
Effect (MPE)

Experimental studies of the multiquantum photoelectric effect from a metal surface
were initiated in 1964 by Teich, Schroeer & Wolga, whose preliminary
investigations resulted in the demonstration of a two-quantum photoeffect from a
sodium surface. The results of a more detailed study were published by Teich &
Wolga in 1968. In both experiments the authors focused a pulsed gallium arsenide
(GaAs) semiconductor laser (photon energy, hu=1.48eV) onto the surface of a
'relatively thick metallic film of sodium obtained by vacuum deposition (work
function, 0 =2.3eV). The dependence of the emission current on the radiation
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peak power was studied using a calibrated filter to control the laser intensity, I,
incident on the sodium surface between 2xlO^Wcm'^ :$ I 5 lO^Wcm'^.
logarithmic coordinates the plot was found to be a straight line with gradient

In
2

{Figure 7.7}, in direct agreement with theoretical predictions (e.g. Smith (1962)).
This the authors directly attributed to the double-quantum surface photoelectric
effect of a metal.

The research groiç) headed by Prof. Gyozo Farkas of The Central Research
Institute for Sohd State Physics in Hungary has since established itself as the
world leaders in this field by pubhshing a number of important papers from 1967
to the present day. Their first paper {Farkas, Ndray & Varga (1967)) was entitled
'Dependence of non-classical electron emission fi*om metals on the direction of
polarisation of laser beams'. In this paper the authors described an experiment
performed using a passively Q-switched ruby laser (hu=1.786eV, 30ns FWHM
pulse width, peak power density = 0.5MWcm'^) incident on a bulk solid silver
surface (0=4.8eV). The laser beam was passed through a polarising optic prior
to impinging unfocused onto the surface. The target was mounted in a glass bulb
under vacuum ( &
=1 0 ®torr) at a glancing angle of 87® to the incoming laser beam.
Any electrons emitted from the target were detected on an electrode, an
accelerating potential of +1000V having been apphed to it. The resulting electron
emission from the surface was measured as a current and showed a strong
dependence on the direction of polarisation of the incoming laser beam [Figure
1.8}, It was therefore thought that since thermal processes were known to be
independent of the polarisation of the hght, another process had to be responsible
for the production of electrons - a multiquantum photoelectric effect. Under these
experimental conditions (high reflectivity of silver at 0.6943 pm (hu=1.786eV),
low power density on the target surface, a calculated target temperature increase
of less than 10®C) the contribution due to thermionic emission was felt to be
neghgible.

In the same year, Logothetis & Hartman (1967) of ComeU University, New York
published a paper entitled 'Three-photon photoelectric effect in gold'. This was the
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The photoelectric current versus peak radiation power
incident on a sodium surface {Teich & Wolga (1968)).

first of two papers published by the authors and used a Q-switched ruby laser
(hu = 1.786eV) to induce photoelectron emission from a gold film (0=4.8eV). The
second paper {Logothetis & Hartman (1969)) described a study of laser-induced
electron emission from solids by studying both metals (gold and stainless steel)
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a ,u .

{Figure 1.8}

max

The values of the peak electron current

parallel E and perpendicular

and of the

components of the electric field plotted versus

angle, ([)''. (|)® is the angle between the plane of polarisation of the electric vector
and the plane of incidence {Farkas, Ndray & Varga (1967)). On the figure, the
authors incorrectly labelled E and E^. They should be the opposite way round
{Farkas (1973)).
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and insulators (Csl, KI and KCl) in the form of both evaporated films and single
ciystals, using three different incident photon energies (hu = 1.17, 1.786 and
3.57eV) from Q-switched ruby and Nd:glass lasers. The dependence of both the
electron emission on the laser intensity and the energy distribution of the emitted
electrons were iuvestigated. A plot of photoelectric current versus incident laser
intensity (hu = 1.786eV) revealed two distinct processes {Figure L9}. For laser
intensities greater than about IMWcm'^, the electron signal was veiy strongly
dependent on the laser intensity.

This the authors attributed to thermionic

emission due to heating of the metal surface. For laser intensities less than
IMWcm'^, the electron signal followed a third-power dependence on the laser
intensity. This the authors stated strongly indicated a three-photon surface effect.
The energy distributions of the ejected electrons with 3.57eV photons incident on
various targets was measured 'indirectly' using the retarding potential field method.
Retardation curves were recorded and differentiation of these curves resulted in
ejected electron energy distributions as shown in Figure LIO. In the case of gold
(0=4.8eV), the maximum energy of the photoelectrons should be (2hu - 0 ) =
2.4eV. From Figure 1.10 one obtains E^„^~2.5eV, as expected.

Farkas, Kertész, Ndray & Varga (1967A) expanded on their multiquantum
hypothesis by examining the dependence of electron emission on laser intensity.
The same laser as Farkas, Ndray & Varga (1967) (hu = 1.786eV, 30ns FWHM
pulse width) was used and its intensity was varied by placing different neutral grey
filters in the path of the beam to absorb a known amount of the laser energy (peak
power densities at the surface of a bulk solid silver (0=4.8eV) target lay between
3.9 and 5.7 MWcm'^). The polarisation of the incoming laser beam was set
perpendicular to the surface. Emitted electrons were accelerated by a +1000V
potential onto a collector electrode and the subsequent electron current measured
on an oscilloscope. Again, contributions from thermal processes were thought to
be negligible. It was found that the electron ejection process was highly non
linear and depended strongly on the intensity and polarisation of the incoming
laser beam.

The energies of the emitted electrons were also measured using a

46

<

o

S lo p e 3

Q.

n'O

Relotive L o s e r I n te n s ity

{Figure 1.9}

Vj

(I«= 14

The photoelectric current versus relative laser intensity of the

fundamental frequency of a ruby laser incident on an evaporated gold fihn
{Logothetis & Hartman (1967)).

retarding potential field analyser and it was found that a significant number of the
ejected electrons had energies greater than lOeV.

Subsequently, Farkas, Kertész, Ndray & Varga (1967B) repeated these
experiments with nickel and gold surfaces. Higher laser intensities on the target
surface of between 2 and 10 MWcm'^ were used and graphs were plotted of the
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The energy distribution of photoelectrons emitted from gold,

stainless steel and potassium iodide (KI) (Logothetis & Hartman (1969)).

measured electron current against the laser output power density {Figure 1,11).
At low power densities the slope of the graph was about 3, in agreement with the
value reported for gold by Logothetis & Hartman (1967). But at higher power
densities there was an increase in the slope. This they ascribed to either an
increasing non-linearity of the effect (more and more photons are contributing to
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The dependence of the electron current, I, on the laser power
density, P {Farkas, Kertész, Ndray & Varga (1967B)).

the emission of a single photoelectron), or the on-set of thermionic emission as the
temperature of the target surface increases.

Nickel was considered to be a

particularly poor material to use in this type of experiment since there was high
electron emission even in the low power density range due to thermal processes.
This the authors predicted was due to nickel's higher absorption coefficient at the
fundamental ruby laser radiation.
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The dependence of the electron signal, Vj^lj emitted from the

gold target on the incident laser intensity,

{Farkas, Horvdth & Kertész (1972)).

In Farkas, Horvdth & Kertész’s (1972) paper entitled 'Influence of optical field
emission on the non-linear photoelectric effect induced by ultra-short laser pulses',
the authors found that at sufficiently high incident laser intensities, the order of
non-linearity (n) of photoelectron emission from a metal surface actually began to
decrease {Figure 1,12}.

Investigations were carried out on a gold surface

subjected to intense picosecond laser pulses. The dependence of the electron
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signal as a function of incident laser intensity was recorded and at low power
densities an n-order process was observed (gradient = 4), thus indicating a
multiphoton process. However, at high power densities the slope of the curve
gradually decreased to a final value of n ~ 1.2. This phenomenon the authors
interpreted as due to the onset of optical field emission.

Another research group involved in the early work in this field was led by Bechtel
& Franken (1975) of the University of Michigan.

A Q-switched ruby laser

operating at its fundamental frequency (hu = 1.786eV, pulse duration = 13 or 20
nanoseconds FWHM) was directed onto a tungsten (0=4.5eV) target mounted in
a vacuum chamber with a typical background pressure of 1 x 10 ^torr. The laserinduced electron currents produced from the target surface were detected on a fast
oscilloscope. A high-voltage power supply was used to maintain the collector
electrode at a positive potential with respect to the target. The dependence of the
measured electron signal as a function of the incident laser intensity was recorded
and is shown in Figure 1,13, A slope of n ^ 6 was evaluated whose value is
compatible neither with a pure multiphoton photoemission process nor with
thermionic emission. This anomaly the authors explained was due to a process
they called 'two-photon-assisted thermionic emission'. This is a laser-induced
effect that is dependent on the temperature of the electron emitting surface. The
incident laser radiation produces a rise in temperature at and very close to the
target surface so that there is an increase in the number of electrons in the tail of
the Fermi-Dirac energy distribution than is typical at room temperature. These
electrons are subsequently ejected from the surface by a single- or multi-photon
effect. The authors show that this 'assisted thermionic emission' manifests itself
by increasing the slope (n) of the electron emission versus incident laser irradiance
graph.

In 1989, Luan, Hippier, Schwier & Lutz of Bielefeld University in Germany
published a paper entitled 'Electron emission from polyciystalline copper surfaces
by multiphoton absorption'. For their experiments, the authors chose a solid
polycrystalline copper rod (work function, <E>=4.65eV) as the target metal. The
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maximum incident laser irradiance.

The initial surface temperature was

approximately 300K {Bechtel & Franken (1975)).

copper rod (99.5% purity, 2.7mm diameter) was mounted inside a vacuum
chamber (pressure ~ 5x10^ mbar) such that it was at the focus ( 1 0 0 pm waist) of
an 8.5ns pulsed Nd:YAG laser (photon energy, hu = 1.17eV). The copper rod was
mounted at an extremely narrow glancing angle (8 ^ .0

lo the incident linearly

polarised laser beam in order to suppress contributions from thermionic emission
processes. At the laser focus, the laser intensity was calculated to be of the order
of lOGWcm'^ (lo), but since the beam was incident on the surface at such a small
angle of incidence, the actual photon intensity on the copper surface was estimated
to be 500MWcm^ (I^J.

The kinetic energies of the ejected electrons were

analysed using a double-stage cylindrical mirror analyser (CMA) and subsequently
detected on a channel electron multiplier (GEM) operating in the pulse-counting
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A photoelectron spectrum from multiphoton (hu = 1.17eV)

absorption of polycrystalline copper with linearly polarised hght (perpendicular to
the surface); the incident laser intensity was Ijj^^.=5xlO®Wcm‘^ {Luan et aL (1989)).

mode. The energy resolution of the CMA was estimated to be 0.3eV. The typical
collection time for a single spectrum was typicalty about 3 hours.

The first spectrum the authors obtained was with the laser beam incident
perpendicularly to the copper surface {Figure 1.14}, The authors interpreted the
'regulaf multi-peak structure displayed in the spectrum as being directly due to the
absorption of additional photons. This the authors beheved was evidence of the
above-threshold photoeffect (ATP). Further experimental investigations involved
recording the photoelectron spectra with linearly polarised hght incident at
different polarisation angles with respect to the surface normal [Figure 1.15}. As
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A set of photoelectron spectra from multiphoton absorption

of polyciystalline copper with linearly polarised light at different polarisation
angles (GL) with respect to the surface normal. The incident laser intensity was
I- = 5x10® Wcm'^ (Luan et al (1989)).

M

the angle of the incident electric field was rotated through W

(from being

perpendicular to parallel to the copper surface), so the appearance of the
photoelectron spectrum subtly changed. The main electron peak, with an energy
of approximately 1.6eV, gradually disappeared whilst any apparent structure
became less evident and merged into the electron spectrum background.

The authors also measured the total ejected electron signal as a function of
polarisation angle, 0o {Figure L16). They concluded that only the electric field
component incident perpendicularly to the metal surface should cause appreciable
electron emission as a result of the multiquantum photoelectric effect. Finally, the
dependence of the total electron current emitted from the copper surface was
measured as a function of the incident laser intensity [Figure 1,17}.

This

dependence was found to be slightly less than the value of 4 (n) predicted by
theory. This the authors attributed was possibly due to the extreme sensitivity of
the measured slope to the irregular behaviour of the multi-mode laser pulse.

Most recently, Farkas, Tdth & Kôhâzi-Kis (1993) report an experiment to
demonstrate the existence of The above-threshold multiphoton photoelectric effect
of a gold surface'.

Investigations were performed on a polished thick

polyciystalline gold (0 =4.68eV) plate, mounted in a vacuum chamber (bac%round
pressure ~ 7x10^ Pa), and subjected to moderate (approximately 120MWcm‘^)
laser pulses. The laser used in this work was a pulsed Q-switched (pulse
duration =15ns) Ndzphosphate glass laser operating at the fundamental frequency
(hu=1.17eV, repetition rate of IHz). The linearly polarised laser light (polarised
perpendicularly to the target) was slightly focused onto the thick gold plate at a
glancing angle (~5® ) in order to reduce the surface heating and hence decrease any
contributions from thermionic processes or the possibility of creating a plasma.
The electrons emitted from the gold target were analysed with a retarding field
energy analysing system and subsequently detected by an electron multipher which
gave a signal proportional to the electron current emitted from the gold surface.
Initially, the dependence of the total electron current emitted from the gold surface
was measured as a function of the incident laser intensity without the use of the
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The polarisation dependence of photoelectron emission from

polycrystalline copper versus polarisation angle,

0

<j (with respect to the surface

normal) and for I^^=5xlO^ Wcm'^ (Luan et aL (1989)).

retarding field energy analyser. This was performed to check that the electron
emission was of a pure multiphoton nature. The dependence was found to be
slightly greater than the value of 5 (n) predicted by theory {Section 1.2}. This the
authors attributed was due to a small contribution to the measured electron signal
by thermionic emission processes. However, with the retarding field analyser in
position and set at a retarding potential of OV (U^J, a value of n ~5 was always
recorded.

The authors explained this anomaly by concluding that whilst
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The laser intensity dependence of the measured (energy-

integrated) photoelectron signal. The slope of the graph, n, is 3 {Luan et al
(1989)).

thermionic electrons are emitted isotropically from the heated target surface,
electrons ejected due to multiphoton processes are highly directional in nature.
Because of this strong directionality of the above-threshold photoeffect (ATP)
electrons, the centre of the laser spot on the gold surface with respect to the 1
retarding field energy analyser had to be calibrated to an accuracy of
approximately 100 pm. Because of this strong directionality of the ATP electrons,
the authors point out that the spectra they recorded were energy distributions of

n
only those electrons that reached the energy analyser and not of all the released
electrons.
The electron energy distributions N(E) were obtained by measuring the electron
multiplier detector signal, j, as a function of the retarding potential,

This

gave the integral energy distribution;
j(U J oc N(E) dE,

(1.5)

where N(E) is the number of electrons with energy E in a dE interval. On
differentiating this distribution, N(E) is obtained.
Figure L18a shows the measured integral electron energy distribution curve
obtained for a gold surface. It is concluded from this figure that the sequence of
regular steps in the photoelectron spectrum (superimposed on a background of
thermionic electrons) is a direct consequence of the absorption of photons in
excess of the minimum number required for electron ejection. On differentiating
this energy distribution. Figure 1.18b is obtained. The regular steps are now
replaced by regular well-defined peaks separated by the photon energy of the
applied laser radiation (hu=1.17eV).

The experiment was repeated with

frequency-doubled laser radiation (hu=2.346eV), and the result is shown in
Figure 1.19.

Now the ATP structure is apparently separated by twice the

fundamental laser photon energy.

The authors point out that the short term stability of the output intensity of the
laser beam (approximately 2%) was

20

minutes but that slow long term

instabilities were 'sometimes' present. The spectra illustrated were recorded over
a period of 'several hours' and that 'very quiet laboratory circumstances were
required'. This we interpret as indication that the experiment was difficult to
repeat.
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The measured integral electron energy distribution of

photoelectrons obtained at I = 120MWcm'^ {Farkas, Tdth & Kôhâzi-Kis (1993)).

{Figure 1.18b}

The corresponding differential energy distribution curve
derived from {1.18a} {Farkas, Tdth & Kôhâzi-Kis (1993)).
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An above-threshold photoeffect spectrum obtained with the

second harmonic of the laser light (X=530nm) at I = 30MWcm‘^. The peak
structure appeared only in a qualitative form {Farkas, Tdth & Kôhâzi-Kis (1993)).

1.4

Thermionic Emission And Work Function

1.4.1

Thermionic Emission

Thermionic emission is a term used to describe the emission of electrons (and/or
ions) from a body when it is heated under vacuum. Thermionic emission makes
possible the operation of such devices as television picture tubes and electron
microscopes, in which metal filaments or specially coated cathodes at high
temperature supply dense streams of electrons.
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The emitted electrons obtain their energy from the thermal agitation of the
particles constituting the metal, and the electrons require a certain minimum
energy to escape. This minimum energy can be determined for many surfaces,
and is always close to the photoelectric work function for the same surfaces. In
photoelectric emission, photons of hgjht provide the energy required by an electron
to escape, while in thermionic emission heat does so. As the bocfy (usually a
metal or a semiconductor) is heated, the Fermi distribution spreads.

Some

electrons may then have energies higher than the vacuum level and thus be able
to leave the bocfy.

The basic equation of thermionic emission relating the temperature of the body to
the number of electrons emitted is given by the Richardson-Dushman equation;

j = AT^ exp(-eO/kT),

(1.6)

where j is the current density of the emitted electrons, A is the emission constant
and depends on the nature of the surface (~ 120 Acm'^'^ for most metals), T is
the thermodynamic temperature, and

is the work function, which may be

interpreted as an electron latent heat of vaporisation'. The Richardson-Dushman
equation is the fundamental equation of thermionic emission, and can be derived
from thermo(fynamic or quantum statistical considerations of the electrons in the
metal.

The number of electrons which can be obtained by thermionic emission is a
function not only of the material, but also of the presence of chemical
contaminants (the cleanliness of the emitting surface) and of its crystallographic
orientation {Eastman (1970)) for which different 'effective work functions' may be
ascribed.
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1,4.2

Work Function

The work function plays a decisive role in all phenomena involving the escape of
an electron from a solid (photo-, thermionic or field emission) or with the transfer
of electrons from a metal to another (contact potential). The valence electrons in
a solid are prevented from escaping by a potential barrier at the surface of the
sohd. The work function, 0 , is a measure of the strength of this potential barrier.
It is defined as the difference between the potential immediately outside the
surface (but sufficiently far so that the potential has become position independent),
the so-called vacuum level, and the highest level in the Fermi energy distribution
inside the solid. The vacuum level depends on the orientation and structure of the
surface being traversed. Figure 1.20 shows a simphfied model of the surface of
a metal, with electronic states in the metal occupied up to the Fermi level. The
.4
work function is = Ev - Ef, where Ev is the energy oj' an electron at rest outside
the solid, and Ef is the energy of an electron at the Fermi energy inside the sohd.
This model assumes that the temperature of the solid, T, is absolute zero. At a
finite temperature, T > OK, the spread in the Fermi distribution
permits photoemission for lîù) <

i.2i}

although this spread in threshold is small (kX

0

= 0.025eV at room temperature). Hence, 0 varies very slightly with temperature,
although the difference between

0

at absolute zero and at room temperature is

negligible.

1.5

Summary

The multiquantum photoelectric effect has been the subject of considerable
experimental and theoretical research since the development of high-powered
lasers in the late 1960's. However, many questions remain as to the mechanisms
involved and the interpretation of the results achieved to date is often
controversial.
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Such a multiquantum photoelectric effect is likely to be characterised by:

#

A strong polarisation dependence in the emitted electron flux.

#

Some characteristic intensity dependence of electron flux with laser flux.

What is more controversial is the kinetic energy dependence of the emitted
electrons. The photoelectron kinetic energy spectrum may, in an analogous way
to gas-phase multiphoton ionisation (MPI), show discrete structure, or may, from
the fermi sea of electrons in the metal surface, be structureless.

To date,

experiments have not been able to resolve these arguments.

In this project, we intend to use a concentric hemispherical analyser to measure
the kinetic energy distributions of the photoelectrons, and probe the production of
any discrete peak structure as a function of laser polarisation, intensity and
wavelength. Such experiments will, however, need to quantify any signal due to
thermionic emission processes.

In the following two chapters, the experimental apparatus used in the present
investigation of the multiphoton photoelectric effect will be described. Chapter
4 will discuss the results obtained in these studies and the conclusions that may
be drawn from them. Chapter 5 will then discuss the possibilities for future work.
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Chapter 2
The Vacuum System, Hemispherical
Analyser and Photoelectron
Detection System

In performing any surface layer experiment it is important to determine the
cleanliness of the surface itself. The cleanliness of any surface is ascertained by
its surroundings, therefore most atomic and/or molecular collision experiments
involving surface structures are performed in ultrahigh-vacuum environments
(pressures ^1 0 * torr) such that the number of residual gas particles in the partial
vacuum are insufficient to form a monolayer on the surface during the timescale
of the experiment.

In this chapter, the values for the number density, mean free path and
impingement rate of residual gas particles in the experimental chamber are
calculated and the time for the formation of a single monolayer on the target
surface is evaluated. This must be less than the repetition rate of the laser pulse
such that laser ablation will maintain a clean surface.

Subsequently, details of the vacuum system used to evacuate the experimental
chamber are described as are the methods of pressure monitoring.

The analysing electron optics for the collection and detection of the photoelectrons
are also described, together with the principles used in the design of electron
optics.

Experiments using a simple filament to characterise the operating

characteristics of the electron optics are also discussed.

2.1

Surface Contamination

Even under normal high-vacuum conditions (-10"® torr) a clean surface would
become rapidly covered with contaminants from the residual gas atmosphere. This
may sometimes be tolerated in routine measurements, but in fundamental surface
studies at an atomic level it is obviously necessary to reduce the rate at which gas
molecules absorb on the surface.

The rate at which residual gas molecules

impinge upon a surface can be evaluated by applying simple kinetic theory of
gases.

The equation of state for an ideal gas may be written as;

p = nkT,

(2.1)

where p is the pressure of the gas, n is the number density, k is Boltzmann's
constant and T is the temperature of the gas.

The measure of a vacuum is the total pressure of residual gases in the vessel,
which in the present apparatus was measured to be ~10‘* torr. Substituting this
value, and the approximate temperature of the residual gas (293K) into Eq. 2.1,
the number density, n, of residual gas atoms is approximately 3.3x10^^^ m^.
(Compared with n = 2.5 x 10^^ m'^ at 1 atmosphere pressure.)
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The mean free path, À, is the mean distance that a particle moves between two
successive collisions with other particles;

À = l/nv^27id^,

(2.2)

where d is the molecular diameter (for the Nj molecule ~ 3.7 x 10^° m). Since
nitrogen gas, Nj, is the dominant constituent of air then it can be assumed that the
bulk of the residual gas in the chamber will be nitrogen molecules with some
hydrocarbons from the diffusion pumping stack and atmospheric water vapour.

Substituting for n from Eq. 2.1, the mean free path, À, is approximately 5000m.
(Compared with X = 6 . 6 x 10 * m at 1 atmosphere pressure.)

The impingement rate, J, is then given by;
J = pNJ(27TMRT)^/\

where

(2.3)

is Avogadro's number, M is the molecular mass or mass of one mole

(for the Nj molecule = 0.028kg) and R is the universal gas constant.
Substituting these values into Eq. 2.3 leads to an impingement rate, J, of
approximately 4 x 10^^

(Compared with J = 2.9 x 10^^ mV' at 1

atmosphere pressure.)

Gas molecules may become attached to solid surfaces by the process of adsorption.
The number of molecules needed to form a single complete monolayer on Im^ of
surface is approximately 2 x 10^^. Assuming that all gas molecules arriving at the
surface stick to and are incorporated into this monolayer, an impingement rate of
4 X 10^^ m'^s'^ would generate a monolayer in about 5(X) seconds at 10 * torr.
Since the repetition rate of the laser is 30Hz then acomplete monolayer will not
have time to formbetween laser pulses. The surface contamination maythen be
assumed to be small with only a fraction of a per cent of a monolayer being

§1

formed between laser pulses.

If the temperature inside the vacuum chamber

increases, or if more massive molecules (e.g. hydrocarbons) are adsorbed onto the
surface, then the time required for monolayer formation will increase, thus the
above figure can be taken as the minimum time to form a monolayer, and it can
therefore be concluded that molecule-surface collisions did not play a major role
in this experiment.

In a paper entitled 'Atomically clean surfaces by pulsed laser bombardment',
Bedair and Smith (1969) investigated a new method of cleaning solid surfaces,
particularly metals, by subjecting them to pulses of high intensity pulsed laser
radiation. Their system of laser cleaning has a number of distinct advantages over
other more popular methods including bulk heating, chemical etching, sputtering,
electron scrubbing and vacuum cleavage. These advantages are:

•

No foreign atoms are introduced into the system.

•

The vacuum is unaffected during and after cleaning since the laser

is

situated outside the vacuum chamber.

•

Providing that the duration of the laser pulse is short (^20ns) and the target

is opaque to the frequency of radiation it is subjected to, then only the first few
surface layers of the target are heated and any subsequent heating of the bulk of
the material is negligible, hence bulk impurities do not migrate to the surface.

Unfortunately the disadvantage of this method is that if the laser pulse intensity
is too weak then the surface will remain unaffected, if toostrong then local
melting of the surface can occur producing microscopic craters.

The authors concluded that for their system (background pressure ~ 2x10

torr;

20ns FWHM Q-switched ruby laser pulses) the main adsorbed gases were Nj, CO,
H2 , CO2, H2O and various hydrocarbons.

By applying laser light to the

contaminated surface these adsorbed molecules were successfully desorbed back

7

^

into the gas-phase.

The present experiment is essentially a repeat of Bedair and Smith with an 8 ns
laser pulse at 30Hz repetition rate, thus the laser in effect cleans the surface in
situ.

2.2

The Vacuum System

A schematic diagram of the vacuum system is shown in Figure 2.1. The target,
hemispherical analyser and detection system were mounted in a single
experimental stainless steel vacuum chamber. The chamber was in the form of a
six way cross. Electrical feedthroughs, the ionisation gauge, laser entry and exit
windows, and the XYZ target-mounting block were mounted off stainless steel
port flanges. Those ports most frequently opened were sealed using Viton rubber
'O' ring seals. Indium seals were used for the remainder. The chamber was
evacuated by a single pump stack bolted directly beneath the chamber and isolated
from it by a quarter-swing butterfly valve.

The pumping stack consisted of a four inch Edwards E04 water-cooled oil
diffusion pump, a water-cooled chevron baffle, and a liquid nitrogen trap.
Convalex 10 pump oil was used in the diffusion pump since it is known to have
a low vapour pressure (e.g., 10 ^torr at 25° C). The baffle and liquid nitrogen trap
were included to prevent uncondensed oil vapour from entering the experimental
chamber. The diffusion pump was backed by an Edwards EDM20 high vacuum
rotary pump through a magnetic valve and a sorption trap. The sorption trap
contained activated alumina to prevent rotary pump oil vapour from entering the
high vacuum part of the system.

The experimental chamber was evacuated

initially by the rotary pump via valve V4 and hence by-passing the diffusion
pump. An air admittance valve (VI) in the line allowed the chamber to be vented
separately from the diffusion stack by the introduction of air or an inert gas.

{Figure 2.1}
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The pressure in the backing line was monitored at two positions, one each side of
the magnetic valve, using two Edwards M6 B Pirani gauges. Typical pressures
achieved in the backing line were approximately 0.02torr. The rotary pump was
vibrationally isolated from the experimental chamber by a flexible hose fitted
between the rotary pump and the sorption trap to ensure that the target in the
experimental chamber was not subject to vibration during the experimental runs.
This was necessary since the slightest movement of the interaction chamber would
also have disturbed the position of the target with respect to the incoming laser
beam. An Edwards type IG3 ionisation gauge mounted on the front port flange
of the experimental chamber was used to make high vacuum pressure
measurements within the chamber.

Heater jackets provided a baking facility and were used to heat the apparatus to
a temperature of approximately 60° C in order to reduce the final residual gas
pressure and maintain the cleanliness of the electron optics by expelling residual
atmospheric gases adsorbed onto the electrostatic lenses. Typical base pressures
obtained, after one or two days heating, were 1 x 1 0 * torr.

The experimental apparatus was protected by a number of fail-safe electrical trips.
If the water supply to the experiment failed or if the water pressure was too low
then a trip in the flow meter caused the ionisation gauge, diffusion pump, Peltier
baffle and the high voltage, detector and filament supplies to switch off
automatically. The magnetic valve also closed simultaneously to isolate the rotary
pump from the diffusion pump. The ionisation gauge was tripped to switch off
all the electronics if a pressure surge in the experimental chamber resulted in a
reading >1.5 times the full scale deflection. When the pressure in the backing
line, monitored by the Pirani gauge on the high vacuum side of the magnetic
valve, increased to >0.1torr, a trip on this Pirani gauge was operated causing the
diffusion pump and baffle to switch off and the magnetic valve to close. The trips
on the ionisation gauge, liigh vacuum', and on the backing line, low vacuum',
could be overridden to allow the experimental chamber, pumping stack and
backing line to be initially evacuated from atmospheric pressure.
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When the diffusion pump was in operation the liquid nitrogen trap was filled
manually twice daily; once in the morning and once in the evening. If for any
reason the liquid nitrogen trap ran dry, the vacuum in the experimental chamber
would rapidly degrade and the aforementioned trips would again come into
operation.

2.3

Target Materials

For this work, three target materials were selected for investigation; copper, gold
and silver. All three materials are noble metals and members of Group IB oï The
Periodic Table. Polycrystalline copper, gold and silver were chosen as target
samples since a number of electron emission experiments have been performed
with these metals. The majority of the early work in this field was carried out
using a polycrystalline silver surface (e.g. Farkas, Ndray & Varga (1967); Farkas,
Kertész, Ndray & Varga (1967A); Farkas, Kertész, Ndray & Varga (1967B)). A
polycrystalline copper surface was investigated by Luan, Hippier, Schwier & Lutz
(1989). However, the majority of multiquantum photoelectric experiments that
have been performed have had polycrystalline gold as the target surface (e.g.
Logothetis & Hartman (1967); Farkas, Kertész & Ndray (1968); Farkas & Toth
(1990); Farkas, Tdth & Kohdzi-Kis (1993)). These materials have the advantages
of being highly reflective to infra-red radiation, have a low vapour pressure, a high
melting point and a work function that is suitable for this type of experiment (in
the range 4 to 5 eV). The melting point of the target metals, percentage purity,
weight and dimensions of the samples are shown in Table 2.1. Each metal sample
was bought as a 'pure element rod'. A 'flat' surface was milled on one side of the
sample so that the flat surface target area was approximately 2 .0 mm wide and
20.0mm long. Our multiquantum photoelectric experiments were performed on
this surface. A flat surface was preferred over a curved surface since the polishing
of a flat metal surface is more effective than that of a curved surface and hence
the absorption of laser radiation on such surfaces is low. Also, the angle of
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incidence of the laser beam onto the sample is more controllable and hence the
beam could impinge onto the target at specific grazing angles.

Material

Symbol

Melting

Purity

Weight

Diameter

Length

Point r C

/%

/g

/mm

/mm

Copper

Cu

1084.88

99.999

26.00

5.00

150.0

Gold

Au

1064.43

99.999

5.00

3.00

035.7

Silver

Ag

0961.93

99.95+

20.60

5.00

1 0 0 .0

{Table 2.1}

The properties and dimensions of the target metals.

Work Function

2.3.1

The value for the work function of a particular surface may be obtained by a
number of methods. These include:

•

The thermionic method^ in which the work function is found from the

temperature behaviour of the emission current appearing in response to heating of
the sample.

•

The photoelectronic method^ in which the work function is determined by
the long-wavelength edge of the photoelectric effect.

•

Thefield-emission method^ in which the work function is determined by the

current flowing when a high accelerating field (up to

10

®Vcm'^ or higher) is set

up at the surface of the sample.

•

The contact potential dijference (c.p.d. ) method^ in which the work function

is determined by measuring the c.p.d.,

that exists between the surfaces of two

metals A and B of work functions 0^ and 0g respectively.

Since, when
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connected electrically, ^ b"^ a “

for the two metals at the same temperature.

However, this method involves a prior knowledge of the work function of one of
the metals if that of the other is to be measured absolutely.

Table 2.2 shows the work functions of various metals (including the ones used in
this work) measured using some of the methods described. The experimental
determinations of work functions for each material vary widely. This is due
primarily to differences in the surface conditions and the methods of
determination. The available theoretical treatments of the work functions of real
solids are often difficult and (/^precise.

But for the present work, such

discrepancies are not important. What is significant are the number of photons
(n„ Dj) required to achieve multiquantum photoejection from these metals. This
is shown in Table 2.3 using both fundamental and frequency-doubled Nd:YAG
radiation respectively.

Metal

^ 2

Al

4.25

Ag

4.30

Au
Cu

^3

^5

<I>6

^av

4.2

4.28

4.19

4.23

4.26

4.7

4.26

4.29

4.36

4.30

5.10

4.8

5.10

5.28

4.92

4.40

4.65

4.5

4.65

4.51

4.54

Mo

4.60

4.2

4.49

4.21

4.33

4.37

Ni

5.15

4.9

5.15

5.25

5.24

5.14

Pt

5.65

5.3

5.63

5.36

5.49

4.55

4.55

4.55

4.55

4.54

W
(Table 2.2}

4.50

4.55

The work functions, 0 , of various metals. Typical errors
of the tabulated quantities {columns 2-7) are 5%.
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{Fomenko (1966)).
$ 2 : {Lide (1991)).
0 3

: {Goodfellow (1994/95)).

0 4

,

0 5

,

0 3

,

0 4

: Values calculated using the 'photoelectronic' method.

0 5

: Values measured using the 'contact potential difference' method.

0 4

: {Kaye & Laby (1986)).

0g: Values calculated using the 'thermionic' method.

Metal

Ujhu =

Uzhu =

1.17eV

2.34eV

Mo

4

2

2

Ni

5

3

5

3

Pt

5

3

4

2

W

4

2

Uihu =

Ughu =

1.17eV

2.34eV

Al

4

2

Ag

4

Au
Cu
{Table 2.3}

Metal

The number of photons (n^, Dj) required to achieve

multiquantum photo-ejection from various metals using both the fundamental and
frequency-doubled Nd:YAG laser radiation.

2.3.2

The Reflectivity o f a Metal

In investigating the processes which occur when laser radiation interacts with a
metal surface, consideration of the reflection of the radiation from the target
surface is extremely important. For this application, the percentage of reflected
light from the target surface was maximised. This was achieved by selecting
target materials with known high reflectivity coefficients at the incident laser
radiation wavelengths of 1064nm (l.lTeV) and 532nm (2.34eV).

Table 2A

describes the percentage reflectivities for a number of metals that have been
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selected for this type of investigation. It is apparent that as the laser photon
energy increases (the laser wavelength decreases), so the reflectivity of the target
decreases. In the case of silver by a small amount but in the case of copper by
almost 40%. This is illustrated in Figures 2.2, 2.3 & 2.4 for copper, gold and
silver metals respectively.

All of the graphs were taken with polycrystalline

materials and results recorded using laser radiation incident perpendicularly ( 0 =0 ®)
to the surface.

Metal

Ri%

Rz%

Figure

1.17eV

2.34eV

No.

A1

95

92

Ag

98

92

Au

99

Cu

97

{Table 2.4}

Metal

Ri%

Rg%

1.17eV

2.34eV

Mo

69

58

2.4

Ni

72

60

76

2.3

Pt

75

63

61

2 .2

W

60

49

The reflectivities of pure, flat, strain-free, oxide-free, l^ulk'

samples taken at room temperature {Weaver et al. (1981A&B)).

When laser radiation is incident on the surface of a metal, a fraction of the
incident radiation is reflected and hence does not participate in heating the surface.
The amount of incident radiation reflected is, however, dependent on the intensity
of the incident beam.

For extremely intense laser radiation, the reflection

coefficients listed in Table 2.4 are not strictly valid since intense laser radiation
can change the structure of the irradiated surface. Basov et al. (1969) investigated
this effect using a Ndrglass laser (pulse duration = 15ns) operating at the
fundamental frequency (1064nm).

The authors carried out experiments to

determine the dependence of the reflection coefficients of various metals
(including copper) when subjected to laser radiation of intensity 30MWcm'^ to
30GWcm'^. The authors concluded that there were three characteristic regions of
flux density:
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The reflectivity of polycrystalline copper. Each plot is the
result of a different author {Weaver et a i (198IB)).
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The reflectivity of polycrystalline gold.
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1).

At low flux densities the target showed no significant traces of laser

radiation impact and hence the reflection coefficient is the listed value of the
material

2).

At medium flux densities the reflection coefficient decreased rapidly as the

target surface showed signs of scarring (fusion).

3).

At high flux densities the reflection coefficient remained low. A cloud of

dense high temperature plasma and dissociating material formed. A crater was
created on the surface.

For this work, the laser intensity on the surface was estimated to be lOOMWcm'^
and hence it can be accepted that the reflection coefficient of all target materials
is as listed in Table 2.4.

Values of the reflectivity (R% ) exhibit significant variations depending on whether
the material is in bulk or thin film form, its method of preparation and the
temperature of the surface. Provided oxides or surface roughness do not increase
at higher temperatures, one can use the room temperature data for many
applications. The reflectance of a metal surface is altered by the build-up of oxide
or other surface layers. Opaque metal films, e.g. silver and gold (in the infra-red),
are commonly used as high-reflectance mirrors. The reflecting power of a metal
decreases significantly as the temperature of the surface increases towards and
over its melting point.

The percentage of reflected light is also dependent upon the polarisation angle of
the incident radiation. Since the target sample was mounted in the interaction
chamber with its smooth face in the vertical plane, then the 'F component was
orientated perpendicularly to the plane of incidence (R^), whilst the 'S' component
lay parallel to the plane of incidence (R||). Table 2.5 shows (1) the effect of
altering the angle of incidence of radiation (A,=620nm) on the percentage of light
reflected from the surface at the two polarisation angles, and (2 ), the effects of
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increasing the wavelength of the radiation at a fixed angle of incidence (0=60°).
From this table, it is clear that by increasing the angle of incidence between the
target's emitting face and the impinging laser radiation, the percentage of reflected
light generally increases for p-polarised light but varies considerably for spolarised light. At the angles of incidence used in this work (approximately 80
to 85° ), the efficiency of reflection for p-polarised light is greater than that for spolarised light. Also, by increasing the wavelength of the incident radiation (and
hence decreasing the photon energy) the reflectivity efficiencies increase for both
polarisation angles. However, the proportion of light reflected with p-polarised
light incident on the metal is always greater at a fixed wavelength than with spolarised light.

From this, it may be concluded that for a sample moimted in the vertical plane,
s-polarised light will be absorbed by the surface more efficiently than p-polarised
light. A higher percentage of absorbed light infers a higher surface temperature
and hence it would be reasonable to assume that thermionic emission processes
should be enhanced when the laser radiation is incident parallel to the surface.

?
1

À=620nm

).

1

2

).

0=60°

R%

Rn%

À/nm

R,%

R,%

0

8 8 .0

88.3

500

683

33.2

20

8&4

87.7

540

833

59.5

40

91.2

8 6 .2

580

90.8

74.3

60

94.2

81.5

660

94.3

84.8

70

97.2

80.4

80

98.7

82.8

85

97.8

90.1

0

°

|

{Table 2.5}
incidence and

The reflectivity of a gold surface at 1). varying angles of
2

). varying wavelengths of incident radiation on a bulk metal

sample {Washburn (1929)).
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2.3,3

The Target Surface Profile

For this work, it was critical that the target surface was not damaged by the
impinging laser beam. Any alteration of the first few surface layers would change
the nature of the surface and hence possibly alter the ejected electron energy
spectra. Thermionic emission from the target surface may become significant even
if the average temperature rise of the illuminating target surface is low. This is
because very high local temperatures may occur on the metal surface because of
microscopic roughness {Bunkin & Prokhorov (1967)). Whenever the interaction
chamber was vented to air, the target surface was checked for signs of surface
degradation.

In the first instance this was carried out by eye.

The surface

structure of the gold target was also investigated using a surface profiler known
as 'ProScan 1000'.

ProScan 1000 is a non-contact 3D measuring system for automatic and rapid
inspection of surfaces. It employs state-of-the-art laser-based displacement probes
for z-axis measurements, achieving accuracies down to 0.01 pm. Its high precision
stepper motor table is used for x and y position. General features include: a 3D
isometric view of the scanned component with the relative height shown in colour
bands; a plan view of the scanned component with the relative height shown in
colour shades and cross-section profiles of the x- and y-axes.

Figure 2.5 shows a typical spectrum for the gold surface taken with the surface
profiler. It is immediately apparent that the target face was not as smooth as the
human eye perceives. Not only is there a microscopic roughness throughout its
cross-section, but also an underlying feature that shows that the surface was
shghtly curved. This image was taken after the sample had been subjected to
many hours of intense laser radiation, and there is no evidence of surface damage
by the laser that can be distinguished from the background roughness.
Improvement of the smoothness of the surface would have required other methods
of preparation not available for this work, e.g. electro-mechanical polishing.
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{Figure 2.5 }

The surface profile, taken with 'Proscan 1000', of the

emitting face of the gold target after it had been subjected to hours of intense laser
radiation.
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2.4

Electron Optics

In this section, the electron optics used to collect and analyse the photoelectrons
emitted from the target surface are described. Details of the design criteria of the
two energy analysers used are also provided, together with a discussion of their
operational characteristics. The section begins with a brief guide to the terms and
principles used in designing an electron optical system.

2,4,1

The Physical Properties O f An Electron Beam

Electrons travelling together in the form of a beam may be described by a number
of physical terms; window, pupil position, beam angle and pencil angle', which
characterise their spatial distribution and angular divergence. In this section, the
terminology used to define an electron beam is described.

The spatial and angular divergence of any focused electron beam may be
determined using the Helmholtz-Lagrange law.

The Helmholtz-Lagrange law

states that the brightness of an image cannot exceed the brightness of an object.
If an image of radius rz, at a potential Vj, with pencil angle 0^ is to be produced
from an object of radius r,, potential V^, and pencil angle 0 |, then the HelmholtzLagrange law requires that {Figure 2.6};

(Vi)’\ isin 0 i = (V 2)\sin02,

(2.4)

or, for paraxial rays where 0 is small and hence sin 0 ~ 0 ,

(T/i)%fi0, = 0/:)%f202.

(2.5)

In order to minimise the filling factor of a lens, the angular divergence of the
electron beam must be kept small. This can be achieved by placing two apertures

M

in the path of the electron beam before the lens and these are known as the pupil
and the window {Figure 2.7}. The pupil limits the size of an object that can be
imaged by a lens while the window defines the magnitude of the beam angle.

The pupil's position and its properties are governed by the emission velocity of the
peripheral electrons emitted from the electron filament at grazing angles. All rays
emitted from the same point on the object are called 'pencils' and meet again at
the corresponding point on the image.

The angle formed by the centre and

extreme rays of a pencil is called the 'pencil angle' (ftp) [Figure 2.8] and the
angle formed by the centre of the pencils which arrive at extremes of the image
(or leave at the extremes of the object) is called the 'beam angle' (&%) [Figure
2.7). The initial beam angle is determined by the radius of the window, r^, and
the separation of the pupil from the window, d, such that;

«b = tan‘(rjd).

(2 .6)

electro
static

LENS
SYSTEM

{Figure 2.6}

The definition of the symbols in the Helmholtz-Lagrange law
{Harting & Read (1976)).
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Pupii

{Figure 2.7}

Window

An illustration of the pupil, window and beam angle.

The initial magnitude of the pencil angle is determined by the configuration of the
emission system and has been found {Kuyatt & Simpson ( 1967)) to be dependent
on the temperature to which the filament is heated and the extraction voltage of
the first electrode. The pencil angle may therefore be substantially reduced by
using an electron filament of low work function or a high accelerating potential;
however the pencil angle will always be finite whereas beam angle can be set to
zero by choice of electron optics. The size of the pencil angle (in radians) may
be given approximately by the equation;

% ,= {eV k/(eV .+eVJl*

(2.7)

where eV^ is the mean energy at which the greatest number of electrons are
emitted from the filament and
Vk=0.75V and V,=21V so ^,= 10°.

is the accelerating potential.

Typically
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Anode
Filament

{Figure 2.8}

An illustration of the pencil angle formed in the emission
system.

2.4,2

The Electrostatic Lenses

Electron lenses may be cylinders, apertures or a combination of the two. In this
work, both two- and three-element cylindrical lens systems were used {Figure
2.9}. Figure 2.9a shows a double element cylinder lens. The focusing properties
of this lens are dependent on the voltage ratio V2/V 1 and the ratio G/D where G
is the gap between the two elements and D is the internal diameter of the lens.
Figure 2.9b shows a triple element cylinder lens whose focusing properties are
determined by the voltage ratios: V2/V 1, V3/V1, and the geometric ratios: G/D,
A/D; where V; (1=1,2,3) is the voltage applied to each of the three lens elements,
G is the size of the gap between adjacent elements, A is the distance between the
midpoints of each gap and D is the internal diameter of the lenses. The focal
properties of the double and triple element electrostatic lenses have been tabulated

87

by Harting & Read (1976) for a large range of voltage ratios and several values
of G/D and A/D.

Such three-element lenses have become widely used in studies involving low
energy electrons. The essential property of these lenses is that with an object of
fixed position and energy, the energy of the image can be varied whilst its position
remains constant.

The description zoom has been applied to these lenses in

analogy with the zoom lenses of light optics, in which the magnification of an
image can be varied. The zooming function is achieved by using two independent
voltage ratios; Vj/Vj to control the focusing strength of the lens and V 3/V , to

{a}

IT"
D

{b}
<-

D

V,

{Figures 2.9 a & b}

The diagrams showing the dimensions A, G and D

of (a) a two-element electrostatic lens and (b) a three-element lens.
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change the potentials, and hence the energy, of the image point. The ratio V2/V 1
is therefore a function of the ratio V3/V1 , and the form of the function depends on
the required object and image distances.

In the design and operation of any electrostatic lens system it is necessary to
consider the problems of aberrations.

There are two principal classes of

aberrations present in electron optics: geometrical aberrations which arise from the
focusing action of the electrostatic lens elements, and electrostatic aberrations
which arise from the intrinsic properties of the electron beam.

There are five geometric lens errors which affect the final aberration of an image:
spherical aberration, coma, astigmatism, curvature of field and distortion. Of
these, spherical aberration is the most important for an image of a point object
lying on the lens axis.

OBJECT

ELECTROSTATIC

PLANE

LENS

IMAGE
PLANE

MARGINAL RAY

ZONAL

ray

AXIAL RAY

{Figure 2.10}

A diagram showing the principle of spherical aberration.

Axial rays are focused at
Fg^ respectively.

while zonal and marginal rays are focused at F^ and

The principle of spherical aberration is shown in Figure 2.10. Consider rays in
three regions of the lens; axial rays which are close to and almost parallel with the
axis, zonal rays which follow a path further from the axis, and marginal rays
which are close to the electrodes. In a lens with spherical aberration, axial rays
are focused at

while zonal and marginal rays are focused at

and F„

respectively. Rays from each region therefore have a different focal point and the
diameter of the electron beam forming the image is not narrowest at the image
plane but at some point between the centre of the lens and the image plane. This
minimum diameter is the circle of least confusion and is the closest approximation
to a sharp image. The degree of aberration depends on the geometry of the lens
elements.

For three-element lenses the aberration decreases as:

•

The element diameter increases.

•

The image distance increases.

•

The focal length decreases.

The aberration is a minimum for elements of equal diameter. Hence all the lenses
used in this experiment had elements of large equal diameter,

10

mm, and short

focal lengths. An electron lens produces less spherical aberration if the parallel
rays are at the low voltage side, hence three-element zoom lenses are run
conventionally with the central electrode higher than the outer two electrodes.

The effects of the other geometric errors are listed here:

1).

A s t ig m a t is m .

The effect of astigmatism is that off-axial object points are

not imaged as points.

2

).

C om a

is a lens error caused by an asymmetrical deformation of the

individual image points into a comet-like appearance. If combined with spherical
aberration the effect is magnified but conversely is reduced with the reduction of
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spherical aberration.

3).

C u rv a tu r e o f f ie ld

causes the image of a plane object to be formed as

a curved surface instead of the desired flat image.

4).

D is to r tio n .

One of the most important features of spherical aberration

is that it involves only the angles at which the electrons leave the object plane and
not their positions in that plane. Distortion is just the opposite in this respect: it
causes a shift of the image point but no blurring.

These last two effects decrease with the focal length of the lens.
There are also two errors solely due to the characteristics of the electron beam:
chromatic aberration and aberrations due to space charge. The magnitude of the
chromatic aberration is dependent on the energy spread of the electron beam.
Electrons are produced from a source (usually a heated electron filament) with a
range of energies and therefore when the electron beam is focused by a lens the
focal length of the lens is shorter for lower energy electrons than for those with
higher energies. Chromatic aberration therefore produces a series of foci along the
axis {Figure 2.11}. The resultant effect is similar to that caused by the spherical
aberration {Figure 2.10).

Electrostatic aberrations due to Coulomb forces between electrons may also give
rise to space charge repulsion which influences the shape of the envelope of the
electron beam, and secondly inter-electron interactions in which the energy of
individual electrons is changed: The Boersch Effect (Boersch (1954)).
-

' V

•

b '. ' '

2,4,3

Electron Energy Spectrometers

The basic purpose of any energy-selective electron spectrometer is to select out
from those electrons entering the spectrometer with a wide range of energies (and
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ELECTROSTATIC

LENS

□

(c)

<d)

(c>

(d)

(b)

(o)

I

<b>

□
OBJECT

image

PLANE

PLANE

{Figure 2.11}

A diagram showing the principle of chromatic aberration.

angles) a subset of electrons with a certain narrow band of energies (independent
of their angle). Ideally, this should be achieved by an (energy) band pass filter but
can be reached via a simpler high pass filter followed by signal processing. A
convenient form of high pass filter widely used in surface studies is the Retarding
Field Analyser (RFA), while others are true band pass, dispersive analysers; the
180° Concentric Hemisphere Analyser (CHA) and the Cylindrical Mirror Analyser
(CMA) being well-known examples.

2,4,4

The Retarding Field Analyser

The simplest device for measuring energy distributions of electrons is a retarding
field analyser. This device operates on the principle of allowing only those
electrons which have energies higher than a certain retarding potential to reach the
detector. Energy spectra are produced by recording the photoelectron current as
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the retarding potential (V^et) is varied {Figure 2.12a). The differential of the
retarding field curve then yields the kinetic energy spread (AE) of the
photoelectron current [Figure 2.12b).

Should the kinetic energy distribution

comprise of discrete structure, then step-like features are observed in the retarding
field analyser energy spectrum [Figures 2.12c&d). However, the resolution of the
retarding field analyser is poor (AE^es^ l.OeV) such that discrete structure separated
by :$1.0eV would be observed only as a weak shoulder in the retarding field curve
[Figures 2.12e&f).
The retarding field analyser has the important advantages of being almost equally
sensitive to electrons of all energies and of being able to accept electrons in a
large solid angle or from extended sources. They are generally more sensitive
than deflection analysers in terms of the collection efficiency for electrons, and
this advantage is especially important at low energies, where differential analysers
are usually less sensitive. The most successful retarding field analysers in terms
of resolution are those based on the electron lens principle, for example. The
Mollenstedt Analyser, as used within this work in which chromatic aberration is
used to velocity select the electron beam by filtering the electron beam in the
central element of the lens (Metherell & Cook, (1971)). Such an analyser was
constructed [Figure 2.13).

It comprises of four lens elements [E20 - E23]

forming two lenses. The first of which [E20 - E22] is used as a Mollenstedt
analyser and the second [E22 - E23] focuses the electrons onto the cone of a
channel electron multiplier [CM3] placed at +75V. The typical potentials applied
to the lens elements are shown in Table 2.6.

2,4,5

The 180° Concentric Hemispherical Analyser

The aim of electron analyser design is to provide high resolution and high
sensitivity simultaneously, requirements which naturally conflict. The theoretical
resolution of any analyser can be increased by placing restrictions on the paths that
electrons must follow in order to enter the analyser, but the gain in resolution
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{Figure 2.12}

The intégral electron energy distributions and their corresponding

differential energy distribution curves for the retarding field analyser.
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{Figure 2.13}

A schematic diagram of the retarding field analyser and the
photoelectron detection system.

Lens Element

Potential (V)

E20

0 .0

E21

0 .0

to - 1 0 . 0

E22

+1 0 0 . 0

E23

+2 0 . 0

CM3

+75.0

(Table 2.6}

A table of the typical potentials applied to the lens elements

in the retarding field analyser and the photoelectron detection system.

achieved in this way results in a large decrease in intensity. Practical analysers
must be designed with focusing properties such that they can accept as large a
fraction as possible of the electrons produced in a properly matched source, while
still giving the desired resolution. Reduction in transmitted current to 1% of the
incident current is fairly typical.
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The general equation which describes the spread in energy AE about the mean
energy E of the electrons in electrostatic monochromators is (Sevier (1972));

AE/E = A(AR/2R) + B a 2 + Cp 2

(2.8)

where R is the radius of the mean electron path in the monochromator and AR
is the radius of the entrance and exit apertures, real or virtual, in the dispersion
plane. The angles a and p specify the half angles of the incident electron beam
in mutually orthogonal planes. In the case of a 180® concentric hemispherical
analyser {Figure 2,14}, Eq. 2.8 becomes (to first order in AE);

AE/E = A(AR/2R) +Ba 2 .

(2.9)

The parameters, A and B, are dependent upon the type of defining apertures
(circular or slot) used at the entrance and exit planes to the analyser and upon the
parameters R, AR, and a.

Ideally, the radial deflecting fields within a hemispherical analyser should
terminate at both the entrance and exit planes.

In practice, however, the

equipotential planes of the terminating lens elements adjacent to the analyser are
perpendicular to those produced by the hemisphere and distort the fields within the
analyser. This may be partially overcome by placing additional ring electrodes in
the entrance and exit planes on either side of the entrance aperture. If the distance
between the inner edge of the rings and the centre of the aperture are set to a/3
(where 2 a is the separation between the inner and outer hemispheres), and if two
of the rings are physically connected to the inner and outer hemispheres, the
electrostatic field obtained at the entrance and exit planes is approximately radial
(Jost (1979)).

For this work, the concentric hemispherical analyser had a mean radius, R, set to
25.0 mm, with the radii of the inner, R^, and outer, R^, hemispheres set to 175.0
and 325.0 mm respectively.

The entrance and exit apertures were both circular
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V

p

{Figure 2.14}

A schematic cross-section of a 180° concentric hemispherical

analyser. R, and

are the radii of the inner and outer hemispheres respectively.

with a diameter, AR, of 1.0 mm. The energy resolution predicted by Eq. 2.9 has
been investigated by Read et al. (1974), and the values of A and B determined for
various geometrical configurations. For the dimensions of the hemisphere used in
this work, A=0.808 and B=0.24 (a = 10°). Hence, AE

~ 23.5 meV. Table 2.7

lists the calculated energy beam resolutions (AE) expected for different settings
of E for the hemisphere.

In this project, E was selected to be 6.0 eV resulting in a resolution, AE, of
approximately lff-0 meV. Such a resolution will allow any photoelectron peaks
arising from multiquantum photoelectric effects to be clearly resolved since
AE<hu.

2.4.6

The Design And Operational Characteristics O f The
Electrostatic Lens Systems

Photoelectrons which were ejected from the target surface were focused onto the
entrance of the concentric hemispherical analyser by a series of electrostatic lens
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E(eV)

AE (meV)

1 .0

215

2 .0

47.0

3.0

70.5

4.0

94.0

5.0

117.5

6 .0

141.0

7.0

164.5

8 .0

188.0

9.0

2 1 1 .0

1 0 .0

234.5

{Table 2.7}

The calculated energy resolutions for the 180° concentric
hemispherical analyser.

elements. The electrons reaching the exit of the analyser were subsequently
focused into a channel electron multiplier for detection. In this section, the design
and operational characteristics of the electrostatic lens systems are described.

To focus the photoelectrons from the target surface into the concentric
hemispherical analyser, a two lens system was adopted {Figure 2.15). The first
two-element electrostatic lens [E20 - E21] focused electrons from a small spot
area on the target surface into the electron lens stack. Deflector plates were placed
in E21 to correct for any geometric angular effects in the incident electron beam.
The second three-element electrostatic lens [E21 - E23] focused the photoelectrons
onto the entrance aperture of the concentric hemispherical analyser. Deflector
plates were placed in E23 to steer the electron beam around the analyser.

After the exit plane of the concentric hemispherical analyser, a single two-element
electrostatic lens [E31 - CM3] focused the energy-resolved photoelectrons onto
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E22

□
□

E23

H21
H20

CM3

{Figure 2.15}

E31

A schematic diagram of the concentric hemispherical

analyser, the electrostatic lens systems and the photoelectron detection system.

the cone of a channel electron multiplier. E31 also contained a set of deflector
plates.

The typical operating voltages of the electrostatic lens elements are shown in
Table 2.8.

Photographs of the concentric hemispherical analyser, associated

electrostatic lens elements and the photoelectron detection system are shown in
Figure 276 (a side-on-view) and Figure 2 7 7 (an angular view).
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| 1 Lens Element

Potential (V)

Lens Element

Potential (V)

E20

+2 1 . 0 0

D23c

+02.90

E21

+2 1 . 0 0

D23d

+09.16

D21a

+20.81

P20

+06.00

D21b

+21.23

H20

+03.31

D21c

+21.39

H21

+11.62

D21d

+20.63

E31

+06.00

E22

+50.00

D31a

+07.83

E23

+06.00

D31b

+04.15

D23a

+05.61

D31c

+06.61

D23b

+06.43

D31d

+05.44

CM3

+25.00

{Table 2.8}

A table of the typical potentials applied to the lens elements

in the concentric hemispherical analyser and the photoelectron detection system.

2.4J

The Channel Electron Multiplier

The Mullard type B419BL electron multiplier used in this work to detect and
amplify the photoelectrons was a coiled, hollow glass tube of internal diameter
2.2mm. The tube was closed at one end with a conical opening of diameter
10mm, the mouth, at the other. Fine nickel wires allowed a potential to be applied
between the ends of the tube. The inside wall of the channel electron multiplier
was coated with a resistive material of high secondary electron emission
coefficient. When the potential was applied across the multiplier, this formed a
continuous dynode and an accelerating field was established.

The minimum

operating potential of the B419BL multiplier was 2.5kV and the maximum 3.5kV.
In this work, the mouth was operated at the bias potential and a potential of
+3.0kV applied to the other end.
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{Figure 2.16}

A side-on-view of the concentric hemispherical analyser,

associated electrostatic lens elements and the photoelectron detection system. The
channel electron multiplier was housed in a protective copper box.
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{Figure 2.17}

An angular view of the concentric hemispherical analyser,

associated electrostatic lens elements and the photoelectron detection system. The
diameter of the entrance aperture to the first lens element was 1 .0 mm.
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When an electron enters the mouth of the channel electron multiplier it will
impinge upon the wall of the tube causing secondary electron emission. These
secondary electrons are accelerated along the tube and collide again with the waU
producing tertiary electrons. Thus an avalanche of electrons is produced at the
high voltage end of the tube resulting in an electronic pulse for further data
analysis.

There are two modes of operation for channeltrons; (1) pulse counting mode and
(2) current amplification. The narrow pulse height distribution and high electron
gain characteristics of the channeltron make it very suitable for pulse counting
apphcations. For this work, the pulse counting mode was chosen and a chargesensitive amplifier employed to amplify the signal between the channeltron and its
measuring equipment.

2 .5

Experimental Design

2.5,1

Assembly

The electron lens elements were cylinders of titanium with an internal diameter of
10mm and an external diameter of 15mm. Titanium was used since it is a non
magnetic material and has a low electron reflection coefficient therefore requiring
no surface coating, unlike copper and aluminium which must be coated with
colloidal graphite or soot. The apertures were manufactured from a 0.05mm
molybdenum sheet. To reduce electron reflection the apertures were coated with
DAG50, a colloidal solution of graphite.

The electron lens elements had to be clean and free from grease to avoid the build
up of charge on the surfaces of the lens elements and thus avoid instabilities in the
electron beam. The lens elements, together with the optical bench, studding, nuts,
washers and ceramic spacers used in assembly, were cleaned in a bath of acetone
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placed in an ultrasonic cleaner. The components were left in the ultrasonic cleaner
for several hours and the acetone bath replaced as necessary. The components
were then kept under methylated spirits until required when they were once again
rinsed in acetone before final assembly.

The studding, nuts and washers used to attach the electron lenses to the optical
bench were made of stainless steel. It was necessary to demagnetise all these
elements periodically. This was achieved by heating them in the flame of an oxyacetylene torch until they were red hot. The components were then transferred,
while still glowing, to a mu-metal can of residual magnetic field <100mG. They
were then allowed to cool isolated from the Earth's magnetic field.

The

magnetisation of the components were checked using a Bell Instruments type 120
Gaussmeter.

The electron lenses were assembled on an optical bench as shown in Figure 2.18.
The lens elements rested upon a pair of ceramic rods and were secured to the
optical bench by electrically isolated studding, a washer and a nut. The lenses
were thus electrically isolated from the optical bench. The potential was appHed
to the lens by a colour-coded, vacuum compatible PTFE-coated silver-plated
copper wire sandwiched between two washers. The deflector plates in the lens
elements were also made of titanium and were separated from the lenses by a
1.00mm sheet of PTFE and secured by isolated screws. An end-on-view of the
lens systems with the hemispheres in position is shown in Figure 2.19.

The inner and outer hemispheres were both manufactured from oxygen-free
copper, and all surfaces exposed to the electron beam were coated with soot from
an oxy-acetylene flame.

It was necessary to shield the experiment from the Earth's magnetic field for the
electron optics to operate as designed.

Therefore the whole apparatus was

enclosed within a single mu-metal can to reduce the magnetic field to <5mG.
Additional mu-metal sleeves surrounded those openings needed for efficient

104

Lens
Element

Nut
Studding

{Figure 2.18}

A cross-sectional view of a lens element mounted on an
optical bench.

pumping and for electrical feedthroughs to reduce penetration through these
apertures,

The channel electron multiplier was placed within an earthed copper box.
Therefore no stray electric fields from the high voltage could deflect low energy
electrons in the neighbouring hemisphere and lens stacks.

2.5.2

Electronics

The electron filament supply was a Thurlby 15-4A supply and the connections to
the filament inside the chamber were made by glass-screened copper wire.
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{Figure 2.19}

An end-on-view of the lens systems with the hemispheres
in position as shown.

The power supplies for all the electron lenses were built in the laboratory and
driven by a split Kingshill supply providing 280V and 140V. These have less than
2meV peak to peak ripple voltage and have proved capable of providing stable
voltages for the long periods necessary.

A schematic diagram of the power

supphes providing the voltages to the electrodes in the electron spectrometer are
shown in Figure 2.20. The output from the supplies was taken on multicore
screened cable to the multiple feedthroughs on the front flange of the experimental
chamber.
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{Figure 2.20}

A s c h e m a tic d ia g ra m o f th e p o w e r s u p p lie s p r o v id in g th e
v o lta g e s to th e e le c tro d e s in th e e le c tro n s p e c tro m e te r.
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The supply to each of the lenses was controlled by a lOOkQ potentiometer. Jack
sockets were included to allow the voltage and current to be sampled for each
lens. A Keithley 168 autoranging voltmeter was used to measure the voltage and
a Keithley 602 solid state electrometer to measure the electron beam currents at
the apertures along the electron optics stack.
The T>ias' potential was applied to the centre point of the filament by a Kingshill
15A0IC 0-150V supply and, as the zero energy of the system, was used as a
common reference for all electron lens element supplies. The deflectors were
referenced from their associated lens element.

All the electronics were disconnected from the mains earth and connected to the
laboratory earth which consisted of copper strips connected to the substation earth.
This eliminated unwanted electrical noise from the mains earth.

2.5.3

Data Acquisition

Working in the analog (pulse counting) mode of the channeltron, two processes
had to be synchronised: the physical process of ejecting the electrons by a
nanosecond laser pulse at a repetition rate of 30Hz and the processing of the
channeltron output by an integrator/amplifier combination {Figure 2.21} followed
by the analog-to-digital conversion and storage of the signal by a PC. During the
laser operation a synchronization pulse from the fast trigger output of the
electronics controlling the Q-switch triggered a monostable multivibrator (LS423).
The multivibrator output signal was set for a duration of 200p s. It switched an
FET to enable the charging-up of the capacitor. The charge of the detected
electrons was then integrated and converted to a corresponding voltage by an
operational amplifier (CA3140). Data collection and conversion was done by an
interface board (Amplicon liveline, DMA Data Acquisition and Control, model
PC30AT). The multivibrator also initialised an on-board counter timer. This
counter circuit set a programmable delay time relative to the laser pulse to start
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{Figure 2.21

A schematic diagram of the integrator/amplifier.
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ADC. The end-of-conversion pulse of the ADC generated an interrupt at the CPU.
Hence, the PC was enabled to read and store the digitized voltage value and to
plot the output onto the monitor screen. A D/A converter on the board was used
to ramp the retarding field of the analyser within the maximum range in the
bipolar mode of +10V.

The ramping range was digitised to 1024 channels.

Assuming 30 laser shots per channel and a nominal value of three ramps it took
50 minutes for one scan.

2,6

An Experimental Test O f The Electron
Optics System

An electron filament was used to provide a steady electron current to optimise the
focusing characteristics of the electron lenses and the concentric hemispherical
analyser.

There are three basic types of heated cathode filaments: pure metal filaments,
doped metal filaments and coated metal oxide filaments.

Examples of these

filaments and their physical properties are listed in Table 2.9.

The most commonly used pure metal filament is a tungsten filament since these
are cheap and durable, having a lifetime of several thousand hours.

The

disadvantage of this type of filament is that they require a high temperature for
electron emission to occur and thus have a large ejected electron energy spread.
The energy spread can be reduced by doping the pure metal with another
compound. Thoriated metal filaments consist of the pure metal doped with a few
percent (typically V2 -2 %) of thorium oxide. The filament is activated by flash
heating it at a much higher temperature than the normal emission temperature
(~28(X)K) for a few minutes to drive the thorium oxide to the surface. Further
heating for five minutes at a lower temperature (~23(X)K) reduces the thorium
oxide to metallic thorium. The filament may then be operated at a lower
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Filament

Example

Type

Work

Emission

Energy

Function /eV

Temp. /K

Spread /eV

Pure metal

Tungsten

4.54

2900

0.64

Doped metal

Thoriated

2.96

2100

0.46

2.60

1700

0.38

1.60

1100

0.15

tungsten
Thoriated
iridium
Coated metal

Barium,

oxide

strontium,
magnesium
oxide

{Table 2.9}

The properties of filament materials.

temperature than pure tungsten and will therefore provide an electron beam of a
lower energy spread. Over time the thorium evaporates but the filament may be
reflashed to drive more thoria to the surface. Eventually, when all the thorium has
evaporated the filament behaves as a pure tungsten filament and can be operated
as such.

Two types of filament were used in the course of this work: pure tungsten and
thoriated tungsten. The filament was designed in the form of a hairpin held
between two pins on a ceramic plate. Figure 2.22.

The filament was mounted off an aluminium support attached to the XYZ targetmounting block. The position of the filament was therefore manoeuvrable in all
three planes and could be accurately positioned directly in front of the electron
optics before the analyser. In this work, two alignment procedures were adopted.
When at atmosphere, the rear flange to the vacuum chamber was removed and the
electron filament was aligned by eye such that the tip of the hairpin filament was
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{Figure 2.22}

o>

A schematic diagram of a hairpin filament mounted on a
ceramic plate. All dimensions measured in mm.

viewed through the entrance aperture of the electron lens stack. This was made
possible by having small holes drilled into the back of the hemisphere in positions
exactly opposite to those of the entrance and exit apertures. A second method was
to attach a small photodiode (type: RS651-995; peak response = 800nm; active
area = 41.3mm^; response time = 25ns) to the rear of the copper box such that it
was in line with the lens stack. When the vacuum chamber was evacuated and the
electron filament switched on it was possible to qualitatively measure the
brightness of the associated light emitted from the electron filament using the
photodiode and a cathode-ray oscilloscope (CRO). Moving the position of the
filament tip in front of the entrance aperture to the lens stack had the effect of
changing the potential measured on the CRO. There was only ever one position
of maximum potential and this was assumed to be the position where the tip of the
filament was directly in front of the centre of the entrance aperture to the lens
stack.
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Figure 2.23 shows a typical electron energy spectrum when the concentric
hemispherical analyser and associated lens optics were optimised. The electron
filament used for this and the following electron energy spectra was of a thoriated
tungsten metal type. Table 2.10 describes the data associated with Figure 2.23.
The full-width at half-maximum (FWHM) was of the order of 0.50eV.

From

Table 2.9, the energy spread for a thoriated tungsten filament is 0.46eV and
therefore the concentric hemispherical analyser could be considered to be 'properly
tuned'.

By moving the electron filament in two planes (up/down and left/right with respect
to the entrance aperture of the electron lens stack) the transmission of electrons
from different parts of the target metal surface could be simulated and the resultant
beam profiles analysed {Figure 2.24}. It was possible to move the electron

{Figure 2.23}

A typical electron energy spectrum when the concentric

hemispherical analyser and associated lens optics were optimised.
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Horizontal Axis

4.00 Volts Range

Vertical Axis

128,000 Counts Full Scale

Number of Scans

50

Maximum Peak Average Number of

2 0 ,0 0 0

Counts per Second
Energy Spread (FWHM)

(0.50 ± 0.02) eV

Energy Spread (Base-width)

(1.8 ± 0.2) eV

{Table 2.10}

A table describing the data associated with Figure 2.23.

filament with respect to the entrance aperture of the electron lens stack by
adjusting a set of micrometers. Exact positions of the electron filament were
recorded and data was collected on a multi-channel analyser (MCA) of the energy
spectrum at various electron filament positions {Figures 2.24a-l). From this it is
concluded that no significant spatial effects will occur for photoelectrons ejected
from a surface area ^1.20mm diameter on the target. Since the laser spot size on
the target surface was estimated to be ~ 1 .0 mm, then it can be assumed that
transmission effects in the photoelectron energy spectra may be neglected.
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{Figure 2.24a} Left by 0.20mrn

{Figure 2.24b} Right by 0.20mm

r
i\

{Figure 2.24c } Left by 0.40mm

{Figure 2.24d } Right by 0.40mm
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J
{Figure 2.24e} Left by 0.60mm

{Figure 2.24f| Right by 0.60mm

{Figure 2.24g} Up by 0.20mm

{Figure 2.24h} Down by 0.20mm
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{Figure 2.241} Up by 0.40mm

{Figure 2.24J} Down by 0.40mm

m

{Figure 2.24k} Up by 0.60mm

{Figure 2.241} Down by 0.60mm
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2.7

Summary

In this chapter, the vacuum system has been described. The target materials used
in this experiment have been discussed and their properties analysed. The design
and operating characteristics of the two electron spectrometers were described and
the problems (and their causes) in modem spectrometers discussed.

Finally,

procedures were reported of how the electron optics system was tested with a bare
heated electron filament before the target surface was subjected to laser radiation.
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Chapter 3
The Laser System

In this chapter, the Nd:YAG laser system adopted for the present studies is
discussed. The fundamental properties of lasers are reviewed, the construction and
operating characteristics of the Quantel YG781C-30 Q-Switched Nd:YAG laser
presented and the laser transport optics necessary to focus the product laser beam
onto the metal target are described.

3.1

Introduction

The development of the laser has proven to be one of the most important advances
in science and technology, the use of lasers pervading many areas of medicine and
telecommunications, yet it is less than forty years since the laser was developed
with its predecessor the MASER.

'MASER' is an acronym for Microwave Amplification by Stimulated Emission of
Radiation. It is an electronic device that uses the internal resonances of a species
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(an atom, ion or molecule), or the transitions between quantum energy levels in
a species, to obtain amplification and oscillation.

The first to be built and

operated successfully was the molecular beam ammonia maser by Charles H.
Townes and co-workers in 1954 at Columbia University, USA {Gordon, Zeiger &
Townes (1954); Gordon, Zeiger & Townes (1955); Shimoda, Wang & Townes
(1956)).

It was, as its name suggests, designed to produce high intensity

microwaves and Townes shared the Nobel Prize in 1964 along with the Soviet
physicists Nicolai G. Basov and Aleksander M. Prokhorov for its discovery. Solid
state masers are still used today as low-noise amplifiers for radio astronomy and
space communications, and until only a few years ago the most stable atomic
clock was the hydrogen atom maser {Bertolotti (1983)).

Following the maser, the 'LASER' (Light Amplification by Stimulated Emission
of Radiation) was developed and is now widely used in many scientific
applications. The fundamental theoretical principles of laser action are similar to
that of the maser and were first published by Townes and Arthur L. Schawlow in
1958. The first successful laser was a pulsed solid state ruby laser, operating in
the visible-red part of the electromagnetic spectrum, and was built by Theodore
H. Maiman in 1960 at Hughes Research Laboratories {Maiman (I960)). The
helium-neon gas laser (operating in the infrared and visible) was developed less
than a year later at BeU Laboratories, USA. Other laser devices followed in rapid
succession, each with a different laser medium (species in gases, liquids, solids,
glasses, plastics, chemicals, and semiconductors) and at different emission
wavelengths extending from the near-ultraviolet through the visible to the farinfrared.

Laser light is useful because of its unique properties - monochromaticity,
directionality, brightness, and coherency. The applications of laser light exploits
one or more of these characteristics. The best known application for 'Class I'
lasers is in the home and in the marketplace where small HeiNe lasers are used
to read the minute, encoded information on a stereo CD - or on the bar-code
patterns in a grocery store.
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The 'Class IV' Nd:YAG laser used in this project has found an ever increasing
number of applications including:

•

Medical applications.

In urology, Nd: YAG lasers have been

used to crack kidney stones. In opthalmology, CW Nd:YAG lasers equipped with
sapphire-tipped probes have been used to reshape the eye lens structure to achieve
better vision in human eyes {Manni (1992)).

Doctors are now safely and

effectively removing tattoos using Q-switched NdiYAG lasers. The short laser
pulse being selectively absorbed by the tattoo ink located in the dermal skin layers
causing the ink particles to fragment into smaller pieces and are subsequently
disposed of by the body's lymphatic system {Photonics Spectra (May/June 1994)).

•

Industrial applications.

Materials processing, including laser

cutting, welding, drilling and heat treating, have all been performed using Nd: YAG
lasers. The laser is an ideal source for these tasks because it delivers appropriate
thermal (infra-red) energy in a tightly focused beam.

Flexible and easily

manipulated, the laser beam can be optimally shaped to direct intense laser power,
accurately and repeatedly, on almost any target or work surface {Pedrotti &
Pedrotti (1992)).

•

Restoration applications.

French building restorer 'Quélin' uses

a pulsed Nd:YAG laser system to clean some of France's monuments of 'croûtes
noires' (black crusts) by laser cleaning. The grime on the statues absorbs a brief
blast of infra-red light, and a mechanical microresonance on the surface loosens
the blackened layers {Photonics Spectra (January 1993, July 1994)).

3,1,1

Properties o f Laser Light

A laser produces a beam of light with the following properties; (1)
monochromaticity, (2) directionality and small divergence, (3) brightness and
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(4) spatial and temporal coherence. Each will be discussed in turn.

(1)

Monochromaticity.

The output from a laser is very nearly of a

single wavelength or frequency. The monochromaticity is determined by the
fundamental emission process wherein atoms in excited states decay to lower
emission states emitting light. While most of the light may be emitted at the
single central wavelength, Ag, some light is also emitted at wavelengths above and
below Xg, this wavelength spread is known as the linewidth. In the laser process,
the linewidth may be narrowed, leading to light of a much higher degree of
monochromaticity. The laser resonator is designed such that laser oscillations can
only occur at certain discrete frequencies, or axial modes, at which the round-trip
path between the resonator end mirrors is exactly an integral number of
wavelengths.

(2)

Directionality.

Lasers emit radiation in a single, highly directional,

collimated beam with a low angle of divergence; the degree of directionality
depending on the monochromaticity and coherence of the light generated. This is
an important property, as it is the property that ensures that the laser beam can be
focused onto small areas. In a well-designed laser, oscillating in a single lowestorder transverse mode, the laser output beam consists essentially of an ideal
uniform plane wave such that the output has a uniform and constant phase
distribution across the entire output aperture, only diffraction imposing a lower
limit on the angular spread of a laser beam.

Laser beam divergence increases

with increasing output power and for solid-state lasers is typically of the order of
a few milliradians.

(3)

Brightness.

The primary characteristic of laser radiation is that

lasers have a higher brightness than any conventional thermal light source -

20

orders of magnitude in brightness separating the sun from a typical pulsed
Nd:YAG mode-locked laser. By brightness one means the power output per
steradian of solid angle per hertz of bandwidth. The relevant solid angle is that
defined by the cone into which the beam spreads. Hence, as lasers can produce
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high levels of power in well-colhmated beams in a very narrow spectral range,
they represent sources of great brightness.

(4)

Spatial and Temporal Coherence.

The optical property of light

that most distinguishes the laser from other light sources is its coherence. The
laser is regarded as the first truly coherent light source. Coherence is a measure
of the degree of phase correlation that exists in the radiation field of a light source
at different locations and different times.

It is often described in terms of a

temporal coherence, which is a measure of the degree of monochromaticity of the
light, and a spatial coherence, which is a measure of the uniformity of phase
across the optical wavefront (the two concepts of temporal and spatial coherence
are independent of each other). To emit light of high coherence, the radiating
region of a source must be small in extent (in the limit, a single atom) and the
emitted light of a narrow bandwidth (in the limit, with A X equal to zero). A laser
source ensures both a narrow-band output and a high degree of phase correlation.
In the process of stimulated emission, each photon added to the stimulating
radiation has a phase, polarization, energy, and direction identical to that of the
amplified light wave in the laser cavity.

3.L2

Laser Theory

Consider a material in which atoms have only two narrow allowed energy levels
[Figure 3.1]. The Maxwell-Boltzmann distribution function states that the number
of particles N in a state of energy E in a system of particles at the absolute
temperature T is;

N = Noexp(-E/kT),

where N« is a constant and k is Boltzmann's constant.

(3.1)
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E

N,
{Figure 3.1}

The number of atoms in a natural two-state system as a

function of energy.

The dotted line shows the Maxwell-Boltzmann function,

decaying exponentially with increasing energy (Solymar & Walsh (1989)).

Therefore, the number of atoms N^,

in states Ej,

are;

N 2 = N ie x p (-(E 2 -E i)/k T ).

(3.2)

Provided that the whole system containing the material is in thermal equilibrium,
the two allowed energy levels will be populated corresponding to a dynamic
energy equilibrium between the atoms. Considering radiative processes only, if
an atom decays from Ej to Ej, then a photon is emitted - spontaneous emission.
If an atom is excited from E^ to E2 , then a photon has been absorbed by the atom
- photon absorption. In each case the photon energy is given by

= Ej-E,.

If an atom is in a radiation field, frequency V2,, then either the photon is absorbed
by the atom in a lower (E,) state and is excited to Ej; or, less obviously, E2 is
stimulated to decay with the emission of a photon (hv 2 i). The latter process is
called stimulated emission. When light is absorbed the population of the upper
level is increased. Normally this perturbation from the equilibrium condition is
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small, but if there is an increasingly intense 'pump' light source, the number in Ej
will increase at the same rate as those in Ej decrease until the limit when the
levels are equally populated. Whereupon;

Ni* ^ N 2* « (Ni+N2)/2.

(3.3)

Now consider a three-level system, with the third level, E3 , between Ej and Ej
{Figure 3.2). The optical pumping will have no effect on its population, which
is the equilibrium value N3 , such that the number of electrons in the three states
are N /, N3 , and N2* respectively. If photons of energy hv 23=E2-E3 are present
then they wiU clearly interact with the system causing stimulated emission by
transitions from E2 to E3 , and absorptions by transitions from E3 to E2 . However
there are more electrons in the upper state (E2) than in the lower (E 3), so instead
of there being a net absorption of photons of energy hv 23 , there will be a net
emission. When there are more atoms in an upper than a lower level, as in the
case of E2 and E3 , population inversion is obtained, and hence the input light is
amplified. The three-level system will therefore amplify a photon of frequency
V23, which is called the signal frequency,

A population inversion alone is enough to produce 'hght amplification by
stimulated emission of radiation', but the result is only a coherent, monochromatic,
low-power light source. Most of the useful characteristics of a laser come from
oscillation of the light within a laser resonator.

The resonator provides the

feedback necessary to make the output of a laser so powerful. The photons are
reflected through the active laser medium using two gently curved mirrors. One
of the mirrors is 100% reflective, but the other is partially transmitting. The
transmitted light is the output beam from the laser. If stimulated emission occurs
on the axis between the two mirrors, it is reflected back and forth through the
resonator, stimulating repeated emission from the active laser medium. Stimulated
emission in off-axis directions is lost out of the laser medium.
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E
Excited population
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y/

Population
removed

E,

Iog^(£)
{Figure 3.2}
'equalised' levels

The three level system.

The strong 'pump' signal has

and Ej such that Ej has a greater population than E3 . The

dotted line shows how population is changing with energy, as in Figure 3.7, but
now it has a positive slope {Solymar & Walsh (1989)).

Laser resonators have two distinct types of modes: longitudinal and transverse.
Longitudinal modes correspond to different resonances along the length of the
laser cavity which occur at different frequencies or wavelengths within the gain
bandwidth of the laser.

Transverse modes manifest themselves in the cross-

sectional intensity profile of the beam.

They are classified according to the

number of minima that appear across the beam cross-section in two directions.
The fundamental mode, where intensity peaks at the centre, is known as TEMqq.

One method of increasing the peak power output and simultaneously shortening
the pulse duration from a solid-state laser is to Q-switch the laser. This technique
involves interrupting the laser resonator such that the population inversion process
can progress with little or no feedback to cause lasing. When the population
inversion has reached a high level, the resonator interruption is removed and the
laser gives out a short pulse with very high peak power. This process is called Qswitching because its essential feature entails first spoiling the Q-factor (quality-

126

factor) of the resonator and then suddenly switching the cavity Q back to a
relatively high value. The most popular method of Q-switching is to use an
electro-optical shutter - an example of 'active Q-switching'. To make an electro
optic Q-switch, an electro-optic crystal (such as a Pockels cell) is required which
becomes biréfringent when an electric field is applied (or removed). This induced
birefringence is proportional to the applied voltage. If the laser output is not
naturally polarised, then a polariser is also placed in the cavity along with the
Pockels cell. A voltage is applied to the cell to produce a quarter-wave plate
which converts the linearly polarised light on it into circularly polarised light. The
laser mirror reflects this light and in doing so reverses its direction of rotation so
that on re-passing through the electro-optic cell it emerges as plane polarised light,
but at 90° to its original direction of polarisation. This light is therefore not
transmitted by the polariser and the cavity is 'switched off. When the voltage is
reduced to zero, there is no rotation of the plane of polarisation and Q-switching
occurs.

The change of voltage, which is synchronised with the pumping

mechanism, can be accomplished in less than 10ns and very effective Q-switching
occurs.
When the power produced by a pulsed laser oscillator is too small for a particular
application, an amplifier may be added after the oscillator. A laser amplifier is
essentially a laser medium without a resonant cavity.

In the simplest

configuration, the laser beam makes a single pass through the amplifier, where
excitation has produced a population inversion. The laser light stimulates emission
from the excited species in the amplifier, and this increases the optical power.

3.L3

The Nd:YAG Laser

Neodymium lasers are one of the most popular type of solid-state laser used in
science and technology today. The neodymium may be incorporated into various
host materials, either synthetic crystals or glasses of different composition. In the
present laser the active laser medium is a rod of a synthetic crystal of Yttrium
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Aluminium Garnet (Y3AI5 O12) in which some of the

ions have been replaced

by the trivalent rare earth metal ion neodymium, Nd^\

The Nd^' ions are

randomly distributed as substitutional impurities on lattice sites normally occupied
by the yttrium ions. Typical doping levels for Nd:YAG are ~1 to 2% by weight.
This doping level makes the otherwise transparent YAG crystal appear pale purple
in colour because Nd^^ absorbs in the red. Higher doping can result in strained
crystals since the radius of the Nd^^ ion is -14% larger than that of the Y^^ ion.
The Nd^' ions are optically excited by a flashlamp. Flashlamps emit a broad
spectrum of light, but neodymium ions tend to absorb most strongly at a limited
range of pump wavelengths around 0.7 to 0.8|im. Absorbing photons in this range
raises the neodymium ions from the ground state to a higher energy level, from
which they decay to a metastable level, producing a population inversion between
the ■^p3/2 and '^b,/2 states [Figure 3.3].

The latter level decays by a fast
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{Figure 3.3}

I 1/2

A simplified energy level diagram for the neodymium ion

in YAG showing the principal laser transitions. Laser emission also results from
transitions between the '‘F3/2 levels and the "^1 ,5/2 and '*l;3/2 levels, but at only one
tenth of the intensity of the transition shown {Wilson & Hawkes (1989)).
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non-radiative process to the ground state. Thus the Nd:YAG laser is a four-level
system. The strongest emission is at a wavelength À=1.064 pm, although energy
level splitting by the crystal's electric field (Stark effect) allows weaker emission
on other lines. The main advantage of using a YAG crystal as the laser host is
that YAG has a relatively high thermal conductivity. The consequence of this is
that laser beams with good spatial and temporal characteristics are produced.
NdrYAG lasers have therefore been constructed to produce in excess of IkW in
continuous operation and several joules with low repetition rate (lOHz), and about
lOmJ with high repetition rate (IkHz), pulsed operation. The overall efficiency
(laser power output divided by pump power input) is however low at less than 2 %.

3 .2

The Design And Construction O f The
Quantel Nd:YAG Nanosecond Laser System

The laser system used in this research project was a (Quantel YG781C-30
Q-Switched NdrYAG capable of producing an infra-red polarised laser beam of
900mJ per pulse at a 30Hz repetition rate with a pulse duration of between 6 and
8

nanoseconds. Its operating parameters are described in Table 3.L

The laser system consists of; (1) the optical head and (2) the power supply
[Figure 5.4}. The optical head contains all of the components needed to generate
a polarised infra-red beam and its second (green) harmonic. The power supply
both energises the optical head and also provides all the logic functions necessary
to operate the laser as well as the cooling capability necessary to dissipate heat
generated in the optical head by the operation of the flashlamps.

The optical head may be sub-divided into two main parts; (1) the laser resonator
and (2) the amplifier. The layout of the optical head is shown in Figure 3.5 and
Table 3.2 describes the components that constitute the optical head.
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Hz

Repetition Rate

Energy Per Pulse

Pulse Duration

Energy Stability

mJ

Linewidth (FWHM)

1064 nm

900

532 nm

350

355 nm

130

1064 nm

ns

%

(shot to shot)
Long Term Stability

30, 15,

%

cm^

6

-

6

8

532 nm

5 -7

1064 nm

±2

532 nm

±3

1064 nm

±3

532 nm

+4

1064 nm

< 0.7

Jitter
with respect to Q-switch

ns

± 0.5

Near field

Uniform, hole free

Far field

Nearly gaussian

(shot to shot)
Spatial Profile

Beam Divergence
full angle for 90%

mrad

1064 nm

0 .6

of energy
Beam Pointing Stability
{Table 3.1}

|irad

350

The specifications of the laser system.

The oscillator laser head {Figure 3.6} contains a single Nd:YAG rod of 6.0mm
diameter by 115.0mm long whose two faces are anti-reflection (AR) coated. The
rod is pumped by one flashlamp (rated at 20 to 25J per pulse). Both the NdrYAG
rod and its flashlamp are housed in a heavily clad, high efficiency, diffusing
chamber that is cooled by a closed loop demineralized water flow system {Figure
3.7). The laser resonator generates a single transverse mode (TEMqo) beam pulse
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{Figure 3.4}

A schematic diagram of the laser system.
All dimensions in mm (inches).
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{Figure 3.5}

The optical head layout.
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(1)

Back Mirror,

(2)

Electromechanical Beam Shutter

(3)

Pockels Cell

(4)

Quarter-wave Plate

(5)

Gian Polariser

(6 )
(7)

Quarter-wave Plate
Oscillator Laser Head (Type SF 611 06 M 001)

(8 )
(9)

Quarter-wave Plate
Variable Reflectivity Gaussian Output Mirror

(10)
(11)

Mirror, R^^^ @ 1064nm
Mirror, R^^^ @ 1064nm

(12)

Telescope

(13)

Quarter-wave Plate

(14)
(15)

Aperture
Amplifier Laser Head (Type SF 611 09 M 003)

(16)

Mirror, R^^^ @ 1064nm

(17)
(18)

Quarter-wave Plate
Mirror, R^^ @ 1064nm

(19)
(20)

Aperture
Thin Film Plate Polariser

(21)

Frequency Doubling Crystal

(22)

Rotating Stage with Two Mirrors:

(23)

@ 1064nm

@ 532nm and

@ 1064nm

(24)
(25)

Rmax @ 1064nm
Mirror, R^^^ @ 532nm

(26)

Mirror,

(27)

Second Harmonic Generation Crystal

(28)

Rotating Stage with Two Mirrors for Wavelength Separation

(29)

Laser Output Ports

(30)

Beam Dumps

(31)

Q-Switch Electronics

(32)

Umbihcal Connection to Power Unit

(33)

Photodiode

(34)

Graphite Bars

{Table 32}

@ 1064nm

The legend for the optical head layout.
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•

{Figure 3.6}

‘

:

'

A photograph of the amplifier and oscillator laser heads
respectively.
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DIFFUSING CHAMBER

NO: YAG ROD
FLASHLAMP

1135

D IFFU S IN G C H A M B E R

N D iY A G ROD

F L A S H LA M P

{Figure 3.7}

A photograph of the constituent components of the oscillator
laser head. Its key features are indicated.
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m

{Figure 3.7}

A photograph of the constituent components of the oscillator
laser head. Its key features are indicated.
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and is mounted on three graphite bars for electrical isolation. It consists of an
adjustable plane back mirror that is 100% reflecting at 1064nm and an adjustable
output mirror with a variable reflectivity coating which decreases from the centre
toward the edges; the second face is AR coated @ 1064nm. After the back mirror
is an electromechanical shutter which is closed to prevent lasing during transient
heating of the laser rod but opens automatically after the rod has reached thermal
equilibrium. The shutter also acts as a safety interlock preventing lasing when
aligning external cavity optics. The Q-switch consisting of a Pockels cell, a Gian
polariser and two quarter-wave plates is situated immediately after the shutter.

Following the laser resonator, two 45° mirrors Told' the beam output before it
passes through a telescopic lens system that adapts the beam diameter and the
divergence according to the diameter of the amplifier rod. This model includes
one amplifying NdrYAG rod with 9.0mm diameter pumped by two flashlamps at
a repetition rate of 30Hz {Figure 3.6].

The laser system produces laser hght at both the NdrYAG fundamental wavelength
(1064nm) and at its second harmonic (532nm).

Second harmonic generation

(SHG) is achieved with a KDP (potassium dihydrogen phosphate, KD2PO4 ) crystal
cut at the appropriate angle for the required wavelength. The crystal is mounted
in a temperature stabilised cell to ensure long term energy stability, with the input
and output windows AR coated for the appropriate wavelength. The crystal is
associated to a set of dichroic mirrors, which isolates the desired wavelength and
directs the beam toward the appropriate output port. The harmonic generator is
mounted on a motor-reducer system, and can be accurately angle-tuned (phase
matching) from buttons on the control electronics unit attached to the optical head
[Figure 3.4}. The frequency doubling option {Figure 5.5} delivers one beam at
1064nm and one beam at 532nm on two separated output axes.

The power supply cabinet contains all the necessary components for controlling,
powering and cooling the optical heads and is connected directly to the 3 phase,
220-V power line, with each individual subsystem connected to the main power
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532 nm
1064 nm

532 nm
C3

1064 nm

{Figure 3.8}

The frequency doubling option.
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line through a bus located at the bottom of the cabinet.

The power supply

subsystems are:

•

The Control Unit which controls the timing of the charging and firing of

the laser and allows the user to operate the laser in automatic, manual or external
control mode. It also monitors security interlocks and switches the laser off if a
malfunction is detected.

•

The Power Unit which charges up the capacitor banks storing the energy

for the flashlamps. The capacitor banks hold the charge provided by the power
unit until its discharge through the flashlamps.

•

The Cooling Group whose main purpose is to keep the rods in the laser

head at a stabilized temperature (±0.1°C) with a closed loop of deionized water.
At initial start-up, the unit warms up the deionized water to the required operating
temperature (~+30°C).

Cooling of the deionized water from the laser heads is

obtained by thermal exchange with tap water through a water-to-water stainless
steel exchanger with a cooling power of 3kW for a differential temperature of
10°C. This unit also cools the transformers in the power unit.

3,2,1

Laser Maintenance

This laser system requires minimal maintenance, and in the electronic cabinet only
the cooling group needed regular servicing; the deionization cartridge and the
deionized water (5 litres) being changed every six months. In the optical head, the
most critical component is the flashlamp whose efficiency decreases with the
number of accumulated shots.

By monitoring the power output of the laser

regularly one could determine if the flashlamps were deteriorating and hence
required replacing. Although under guarantee for 10 million shots and expected
to operate for 50 million, it was found that they did not need replacing until they
had performed 75 milHon shots. All 3 flashlamps in the laser head were then
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changed at the same time in order to optimize the uniform pumping of the laser
rods. All exposed optical surfaces in the laser head were cleaned periodically
using an alcohol solution to prevent accumulation of dust, which could have
caused excess light absorption leading to optical damage.

3.3

Laser Power And Beam Profiles

3.3.1

Laser Power Measurements

The power and energy of the output laser pulse was measured using The
Scientech Laser Measurement System'. This system included:
1).

An Astral Thermopile Calorimeter: 25mm Volume Absorber Head
complete with calibration coil.

2).

A Meter: Hand Held Digital/Analogue Readout Indicator.

3).

An Isoperibol Enclosure.

The main characteristics of the system are listed in Table 3.3.

Astral calorimeters are sensitive to all types of thermal input. Due to necessary
handling of the calorimeter during setup and possible environmental temperature
differences, thermal gradients may exist in the calorimeter.

Therefore the

calorimeter was allowed 15 minutes to achieve thermal equilibrium before use.
For measuring power levels below 30mW and energy levels below 30mJ the
isoperibol insulator was required. The 'Isoperibol Enclosure' shields the enclosed
calorimeter from thermal disturbances in its environment when making low power
or energy measurements. Maximum isolation was obtained when an aperture
extension was also used. Data could be collected in either single shot or multi
shot mode(s). However, a delay of 30 seconds was required between pulses to
allow the calorimeter to cool to ambient temperature. In multi-shot mode the
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Aperture size

25.4mm

Spectral response

0.4-1.2 pm

Average power (max)

lo w

Minimum resolution

lOpW/lOpJ

Power density (min)

30Wcm"

Peak power density (max)

lOOGWcm"

Single pulse energy (max)

lOJ

Energy density (max)

3.3Jcm^

Precision

<1 %

Accuracy

3%

Response time

3sec

{Table 3.3}

Wavelength dependent

Wavelength dependent

With meter in Watts mode

The specifications of the power meter.

number of pulses delivered, average pulse energy, minimum energy, maximum
energy, standard deviation and coefficient of variation were presented in a single
read-out.

3.3.2

Laser Power Output

It was possible to vary the laser power output by adjusting the voltage applied to
the oscillator flashlamp. Figure 3.9 describes a graph of flashlamp power output
versus applied flashlamp voltage. The recommended flashlamp operating voltage
was 1.20kV. Applying a voltage above this level for long periods of time was not
recommended since this would severely reduce the lifetime of the flashlamp, and
hence a maximum operating voltage of 1.30kV was chosen. Below l.OOkV the
laser pulse was undetectable on the laser power meter. Between 1.00 and l.lOkV
the output laser pulse was unstable and thus the operating range that was used for
the experiment was between 1.10 and 1.30kV. From Figure 3.9 it is apparent that
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The laser oscillator flashlamp output.

this range of values falls within a relatively stable portion of the graph. By
varying the applied flashlamp voltage, the power output from the laser optical head
could be controlled without the use of any external laser optics. It was assumed
that by altering the applied flashlamp voltage neither the spatial or temporal
characteristics of the laser pulse, nor the laser pointing stability were affected.

3.3.3

Laser Stability Time

As with all high-powered laser systems, there is an inherent 'warm-up time'. This
is the time for the laser power output to reach a stable value. Measurements were
taken using the laser power meter of the output pulse energy from the optical
head. As soon as the flashlamps were switched on a reading was recorded every
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thirty seconds. Values were recorded over an hour and a graph plotted of laser
pulse energy versus time elapsed since the first reading {Figure 3.10), From this
graph it is apparent that a time of thirty minutes was required to stabilise the laser
power output before experiments could commence.

Subsequent data analysis

showed that, after the first half an hour, at any fixed applied flashlamp voltage the
laser pulse output was stable to within 2-3%.

3.3.4

The Laser

-

Spatial Profile

The spatial profile of the laser beam was investigated using two automated
systems. The first.

S y s te m A ,

was The Laser Beam Monitoring System: LMB-I

Laser Analyser manufactured by Oxford Framestore Applications. The system
electronically captures, displays and analyses laser beam profiles in real-time.
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{Figure 3.10}

The laser stability curve.
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The laser pulse image was captured by a CCD detector - the COHU 4800 - whose
active image area was 8 . 8 x 6 . 6 mm; the maximum viewable beam diameter being
6.4mm. Since the laser pulse on exiting the optical head was greater than 6.4mm
diameter, a 'Laser Beam Interface Unit' was employed to mildly focus the beam
onto the active area of the CCD camera. This unit comprised of a breadboard
plate with a 1 / 1 0 ^-wave beamsplitter, steering optics and a beam telescope.
Neutral density filters were placed in the path of the laser beam to attenuate the
laser source - the attenuation being progressively reduced until an acceptable
exposure was obtained. The data collected was stored on floppy disks in '.PCX'
format and hardcopies were produced using Microsoft Windows Paintbrush
Version 3.1.

The second.

S y s te m

B, was The Advanced Laser Beam Analyser System: LBA-

100A manufactured by Spiricon. Apart from this system being non PC-based,
there was otherwise little difference between them. Unfortunately it was not
possible to focus the laser beam onto the CCD detector and hence the edges of the
laser beam output were lost.

The intensity pattern of the whole beam was

displayed instantly in a 2-dimensional 16-colour contour plot; a 17* colour (white)
for overrange warned of electronic saturation. All files were saved as 'Bitmaps'
and the hardcopies were again produced using 'Paintbrush'.

3,3.5

Results From S ystem A

Two spatial profiles were recorded at 1064nm with different laser pulse energies
{Figures 3.11 and 5.72}. Areas of high laser intensity are shown in red and
yellow whilst that of low laser intensity in green and light blue. Two obvious
characteristics of the laser beam output are immediately apparent:

•

The laser pulse is not symmetrical in shape.

•

The spatial intensity distribution shows no continuity.
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{Figure 3.11

The spatial profile of the laser beam.
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{Figure 3.12}

Identical to the previous profile except that the laser pulse

energy has been increased from 500mJ to 700mJ by increasing the applied
flashlamp voltage from 1.15kV to 1.20kV.
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The profile exhibits a concentration in laser intensity in the upper portion of the
beam. As the applied flashlamp voltage was raised, the laser pulse intensity
increased but the overall pulse shape remained the same.

3.3,6

Results From S y s t e m B

On replacing the laser flashlamps both in the oscillator and the amplifier of the
optical head, a second set of spatial profile images were recorded.

•

The output from the laser resonator (À= 1064nm) is shown in Figure 3.13.

•

The output from the optical head after frequency-doubling {Figure 3.14).

{Figure 3.13}

The output from the laser resonator before amplification.
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{Figure 3.14}

The output from the laser optical head at 532nm.

{Figure 3.15}

The laser pulse exiting the interaction chamber.
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(Figure 3.16}

The target was in the path of the impinging laser beam.

(Figure 3.17}

An aperture was placed in the path of the laser beam and the
target was moved away from the incident beam.
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On comparison with Figures 3.11 & 5.72, it is evident that the shape of the beam
had been improved upon but that the spatial intensity distribution was still poor.

•

The laser pulse (À=532nm) exiting the interaction chamber [Figure 3.15].

It is apparent that on traversing the distance from the optical head output port to
the exit window of the interaction chamber, the spatial size of the laser pulse
increased by such an amount that it was only possible to record the geometric
centre of the pulse.
•

The target under investigation was slowly moved into the path of the beam

until approximately 50% of the beam was impinging on the target and the
remainder passed through the interaction chamber unimpeded [Figure 3.16}.
•

For the majority of this work, an aperture was used to spatially limit the

size of the beam incident on the metal target. The laser output through this
aperture is shown in Figure 3.17.
In conclusion, the spatial profile of the laser beam, even after passing through the
spatially-limiting aperture, was extremely poor and no continuity in its intensity
distribution was evident.

3,3,7

The Laser - Temporal Profile

The temporal profile of the laser beam output is shown in Figure 3.18. This was
recorded using the Tektronix TDS540 four-channel digitising oscilloscope. Its
specifications include an oscilloscope bandwidth of 500MHz and a IGS/s sampling
rate. The temporal profile shown is that of a single laser pulse. The rise time of
the pulse was 4.76ns and the fall time 8.60ns. The FWHM (full-width at half
maximum) was recorded as being 5.92ns, in agreement with the specifications
given by the laser manufacturers. Very few points in the temporal profile were
recorded by the oscilloscope (a much faster oscilloscope was preferable) and hence
the resolution of the profile was extremely poor.
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3.4

Transport Optics

3.4.1

Introduction

In this section, the high-power laser optics used to transport the laser beam from
the exit of the optical head to the entrance window of the vacuum chamber are
described.

Two slightly different set-ups were employed dependent upon the

wavelength of hght (1064 or 532nm) being generated in the optical head. Figure
3.19 describes the set-up at 1064nm.

3.4.2

Optical System fo r 1064nm Radiation

All of the optics were mounted on a 'Melles Griot' damped honeycomb non
magnetic stainless steel breadboard; the breadboard itself being securely clamped
to the frame supporting the optical head of the laser. A closely spaced array of
tapped holes (M6 on a 25mm grid) providing the most rigid method for attaching
objects to the table.

The laser beam after exiting the optical head was steered into the vacuum chamber
by two flat dielectric-coated narrowband 45° high-power solid state laser mirrors
made from BK7 glass.

A graph describing the percentage of laser light

transmitted through uncoated BK7 glass at both the fundamental frequency and the
2“** harmonic of a Nd:YAG laser is shown in Figure 3.20. The mirrors were
vertically-mounted in holders such that the beam direction could be adjusted
independently of each other in both the horizontal and vertical planes.

The

position of the beam on the target surface could then be adjusted without having
to adjust any optics in the optical head.

The beam subsequently passed through a thin film plate polariser (TFPP). This
was made of BK7 glass and had a multi-layer dielectric coating to produce highly
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A photograpli describing the high-power laser optics used

{Figure 3.19}

to transport the laser beam from the exit of the optical head to the entrance
window of the vacuum chamber.
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{Figure 3.20}

The percentage of laser light transmitted through uncoated
BK7 glass at various wavelengtlis (JML Direct (1993)).
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{Figure 3.19}

A photograph describing the high-power laser optics used

to transport the laser beam from the exit of the optical head to the entrance
window of the vacuum chamber.
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The percentage of laser light transmitted through uncoated
BK7 glass at various wavelengths (JML Direct (1993)).
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polarised light. The polariser had to be set at 56° ± 3° to the incoming laser
beam {Brewster's angle); {Figure 3.21). Angle tuning was required to achieve
optimum transmission. This was carried out in the first instance by roughly
adjusting the position of the TFPP using a protractor and subsequently finely
adjusting the angle of incidence until maximum transmittance using the laser
power meter.

After passing through the TFPP the light was 95% vertically polarised. It was
then directed through a high-power polarising beamsplitter cube [Figure 3.22).
The cube consisted of a pair of right-angled prisms 'spot-cemented' together,
hypotenuse-face-to-hypotenuse-face, with a special multi-layer dielectric film in
between. The cube was also made of BK7 glass; all entrance and exit surfaces
being anti-reflection coated to eliminate subsidiary beams; any reflections being
less than 0.25% {Figure 3.23). The cube was mounted such that it could be
rotated in a direction perpendicular to the incoming laser beam through an angular
range of 360° (the entrance surface being perpendicular to the direction of the
laser beam). Cube polarising beamsplitters produce no beam displacement and
have an orthogonal beam-splitting geometry. The function of this type of polariser
is to separate the 'S' (perpendicular) and P' (parallel to the plane of incidence)
components of an input beam of unpolarised light, allowing the 'P' component to
be transmitted through the polariser whilst reflecting the 'S' component of light.
Studies have shown that s-polarisations are reflected more efficiently than ppolarisations when light is incident on any optical surface at angles other than
normal incidence {JML Direct (1993)). The purpose of this optic, in conjunction
with the TFPP, was to modify the laser intensity entering the interaction chamber.

Once the optimum position of the TFPP had been located, the TFPP was fixed in
that position throughout the experiment. The light transmitted through this optic
was >99% p-polarised. If this linearly polarised light is now passed through a
second polariser (the high-power polarising beamsplitter cube), the intensity passed
by the second polariser is a function of the angle (0 ) made between the axis of
polarisation of the two polarisers {Figure 3.24). When 0 is 0°, transmittance is
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{Figure 3.21}

A diagram showing the set-up and function of the thin film
plate polariser {CVI (1992)).
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The percentage of laser light reflected by the beamsplitter

cube at various wavelengths when set to transmit the 'P' component of light {CVI
(1992)).
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PRINCIPAL AXIS

PRINCIPAL AXIS

{Figure 3.24}

Unpolarised light passes through the first polariser and is

linearly polarised.

The second polariser attenuates the through beam with

attenuation dependent on 0 {Oriel (1990)).

a maximum, when 9 is 90°, transmittance is a minimum. At intermediate angles,
the final intensity is given by;

I ~ L„cos^O.

Where:

I

(3.4)

= Intensity transmitted at angle 0

Imax = Maximum intensity
0

= Angle between the principal axes of the polarisers.

When the axis of one polariser is at 90° to that of the second, transmittance
through the pair is at a minimum; this is extinction.

The TFPP and the polarising beamsplitter cube were therefore used in tandem as
a variable attenuator; the output polarisation being fixed.
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Finally, before entering the interaction chamber, the vertically p-polarised beam
passed through a retardation plate; a zero-order half-wave plate. The half-wave
plate was used to rotate the polarisation (electric field vector, Ê) of the linearly
polarised light. The wave plate was made from crystalline quartz with anti
reflection (AR) coatings on each face. The optic was mounted in a graduated
(graduations every

10

°) rotatable wheel such that the orientation of the half-wave

plate could be accurately determined. The wave plate was placed in the holder
such that at 0° (=360°), 90°, 180° and 270° the laser beam entering the
interaction chamber was p-polarised (unaffected by the half-wave plate). At 45°,
135°, 225° and 315° the Ê vector was rotated by one half wavelength (A/ 2 or ti)
and hence the laser pulses entering the interaction chamber were s-polarised. By
rotating the half-wave plate by only a few degrees, it was then possible to transmit
various percentages of p- and s-polarised light onto the target surface and hence
investigate the photoelectric current as a function of laser beam polarisation.

To spatially limit the size of the laser beam impinging on the target surface, an
aperture was placed after the two solid state mirrors. It consisted of a piece of
pure white card fixed to a solid metal stand. A hole was made in the card, 1.0mm
in diameter, for the laser beam to pass through (a 5.0mm hole was made in the
solid metal stand). The aperture was mounted such that its position could be
adjusted manually. This type of aperture was chosen because the amount of
fundamental frequency radiation absorbed by the card is minimal compared with
that of other materials (e.g. aluminium, copper, gold, steel and ceramic). The card
aperture was renewed every three months.

3,4,3

Optical System for 532nm Radiation

In contrast, for green radiation (A=532nm), the set-up of the high-power laser
optics was slightly different.
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•

The anti-reflection coatings on the high-power laser optics were only

suitable for a narrow band of wavelengths and hence the two solid state mirrors,
the thin film plate polarizer and the half-wave plate were replaced by optics
suitable for use with the 2"^ harmonic (À=532nm).

•

The beamsplitting cube was removed.

•

The aperture, instead of being made from pure white card, was replaced by

a 1 .0 mm diameter aluminium aperture as card ignites when subjected to intense
visible laser radiation.

3,4,4

Light Scattering Within The Interaction Chamber

It was necessary to minimise the amount of stray laser light within the vacuum
chamber as such light may produce stray photoelectrons from surfaces other than
the metal surface being investigated.

The laser beam entered the interaction chamber through a 1% inch diameter AR
coated optical window suitable for both 1064 and 532nm radiation. Two 1 inch
diameter holes were cut into the mu-metal shield such that the laser beam could
pass through the can. To minimise reflections inside the interaction chamber, the
exit port consisted of a 3 inch long tube made from pyrex glass with another piece
of pyrex (approx. Vs inch thick) moulded to its end at Brewster's angle. Less than
0.5% of the light was then reflected back into the interaction chamber.
Effects arising from laser light being scattered from the target were overcome in
a number of ways:

•

The hemispherical analyser, charmel electron multiplier (CEM) and

associated electron optics were completely enclosed in a polished copper box.
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•

The terminals for the electron filament and the high voltage for the CEM

were shielded by a thin aluminium sheet wrapped around the inside of their
entrance port and covered with aluminium foil (checks were regularly made to
ensure that electrical breakdown did not occur).

3.5

Summary

In this chapter, the concept of the laser was introduced. This included a résumé
of the origins of the laser, its current applications, its properties and a brief
introduction into why and how a laser works. The Nd:YAG laser in particularly
was reviewed and the design and construction of the pulsed Nd:YAG laser system
employed to perform this work was also described. Measurements of the laser
power output and both the spatial and temporal profiles of the laser beam were
characterised and the conclusion was made that the spatial profile of the laser
beam on the target surface was poor.

The high-power laser optics used to

transport the beam from the optical head to the metal target and subsequently out
of the interaction chamber were then described.

By passing the laser beam

through the optics we were thus able to control:

•

The position of the laser beam with respect to the target surface.

•

The direction of polarisation of the laser beam on the target surface.

•

The intensity of the laser pulse impinging on the target surface.

•

The size and shape of the irradiated target surface area.
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Chapter 4
The MuUiquantum Photoelectric Effect
(MPE) From Metal Surfaces
4.1

Introduction

In this chapter, evidence is presented for the emission of electrons from metalhc
surfaces through the absorption of multiple photons from an incident polarised
high-powered NdiYAG laser. Two experimental techniques were used for the
measurement of the kinetic energy of the photoelectrons; (1 ) a retarding field
analyser (RFA) and (2) a concentric hemispherical analyser (CHA).

The former provided quahtative evidence of the multiquantum photoelectric effect,
the latter was used to probe the photoelectron kinetic energy distributions and
sought to confirm the discrete peak structure reported by Luan et al (1989).

These experiments were complicated by the production of thermionic electrons due
to the heating of the metallic surface (and possible ablation of surface coatings)
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by the high-power laser beam. Studies of the photoelectron spectrum as a function
of incident laser beam polarisation and power enabled such thermionic effects to
be examined.

4.2

The Retarding Field Analyser (RFA)

Initial investigations to demonstrate the existence of the multiquantum
photoelectric effect (MPE) of metals used the retarding field analyser (RFA)
described in Section 14.4. Copper was selected as the target since it had been
used by earher workers (e.g. Luan et al (1989)) and would allow the present
results to be compared with this earlier work.

4,2,1

Experiments With Unpolarised Laser Radiation

These preliminary experiments used minimal optics to parameterise the incident
beam. An uiçolarised NdiYAG laser beam (X=1064nm) was focused onto the
copper target by a single converging lens placed inside the vacuum chamber, since
placing the lens outside the chamber resulted in the focused laser beam breaking
down the air before the inlet window to the vacuum chamber. Placing the lens
within the vacuum chamber had the disadvantage that it was then not possible to
adjust the position of lens focus with respect to the target without breaking the
vacuum seals and allowing the surface to be exposed to air between laser shots.

However, this simple system was able to demonstrate the existence of MPE
{Figure 4.1). As the target was moved further into the spatial profile of the laser
beam the intensity of electrons detected by the RFA with a kinetic energy of 4eV
or more increased by a factor of approximately 3, between the edge of the laser
profile [Figure 4.1a} and the centre [Figure 4.1c].
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{Figures 4.1 a & b}

The measured electron energy distributions of ejected

electrons from a copper target using the RFA. The laser beam was unpolarised.
The collection time for each spectrum was 2 hours. Although both spectra were
recorded with the laser beam incident at a glancing angle (85®), in {b} the target
was moved further into the path of the beam. This had the effect of increasing the
overall photoelectron yield, especially at high kinetic energies.
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The measured electron energy distribution of ejected

electrons from a copper target using the RFA. The target was moved further into
the path of the unpolarised laser beam compared with {b}.

{Figure 4.1d|

The background electron signal with the laser beam not
impinging directly onto the target.
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The bulk of the electron emission was observed at low kinetic energies between
0 and approximately 2eV. This could be assigned to electron emission due to
thermal heating of the crystal lattice and hence this electron emission may be due
to a thermionic process. However, those electrons being emitted with much higher
kinetic energies, (up to 6 eV being revealed in Figures 4. lb,c) cannot be attributed
to thermionic emission,* another mechanism must be involved. In addition, as the
target was moved further into the laser beam profile the intensity of high energy
electrons measured by the RFA increased, with the maximum kinetic energy of the
photoelectrons measured also increasing, while there was also some evidence for
structure in the kinetic energy spectra between 2 and 6 eV {Figures 4.1 a,b}.
Comparisons may be made with the spectra [Figure LI8a] reported by Farkas,
Tôîh & Kôhàzi-Kis (1993) who also used a retarding potential method to analyse
the kinetic energy of ejected electrons. Their experimental arrangement included
a Q-switched Ndiphosphate glass laser system (hu = 1.173eV, 15ns pulse duration,
IHz repetition rate) whose moderate output (= 1 2 0 MWcm^) was directed through
a slightly focusing lens onto a gold (0=4.68eV) target at grazing incidence.
Figure 4.1 a reveals similar structure to that reported by Farkas et al. (1993)
between 2 and 5eV, namely a subtle but distinct change of gradient at regular
intervals.

After smoothing their data and calculating a differential energy

distribution [Figure 1.18b], the authors suggest that this is evidence not only of
a multiquantum photoelectric effect but also of an above-threshold photoeffect
(ATP). However, in the present work, as the target was moved further into the
direct path of the laser beam [Figure 4.1b], these structures were reduced and in
Figure 4.1c seem to be absent, although a prodigious number of high energy
electrons greater than 3eV were produced.

Such difficulties in producing

reproducible spectra were also reported by Farkas et al. (1993) and were discussed
in Section 1.3.

V"

m

4*2.2

Experiments With Polarised Laser Radiation

It is possible that as the target was moved deeper into the laser beam, the energy
spread of the thermal electrons increased such that the multiphoton signal was
being masked by thermionic emission. Since the polarisation of laser light is an
important distinguishing factor between the surface multiphoton photoelectric
effect and thermionic emission, a polarising cube was mounted before the vacuum
chamber such that it was possible to interchange between s- and p-polarised light
incident upon the copper target. With s-polarised light (parallel to the target) the
intensity of the photoelectrons detected was far less than when using p-polarised
light (perpendicular to the target) {Figures 4.2 b,a]. Assuming that rotation of the
polarising cube did not alter the intensity or spatial characteristics of the laser
beam or the position of the laser beam on the target, it must be concluded that
thermionic emission cannot explain the high energy electron signal observed above
2eV, since with s-polarised radiation, few electrons were ejected with energies
above 2eV.

4*23

Alternative Target Surfaces

Since thermionic emission is dependent upon the reflectivity of the surface to the
incident radiation, and the number of photons involved in MPE is characteristic
of the surface work function, the copper target was replaced with a silver surface
of similar dimensions. Silver is a softer target and may be expected to amplify
any structure arising from multiphoton processes. Figure 4.3 shows measured
photoelectron spectra from a silver target using p-polarised incident laser radiation.
The overall results are similar to those for a copper target.
As the silver surface was moved further into the path of the laser beam, the laser
intensity impinging on the surface increased. Simultaneously, the surface area of
the target affected by the high-intensity oscillating electric field of the laser beam
increased and hence the overall contribution to the measured electron signal was
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The measured electron energy distributions of ejected

electrons from a copper target using the RFA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was 2 hours. In {a}, a significant
number of electrons were ejected with kinetic energies greater than 3eV, while in
{b}, the number of electrons ejected with energies greater than 3eV was negligible.
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As 4.2 {a} & {b} except that the copper target was

moved further into the path of the beam. In {c} the laser beam was p-polarised
and in {d} s-polarised. In {d}, still no significant number of electrons were ejected
with kinetic energies greater than 3eV. This is characteristic of a thermionic
emission process.
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{Figures 4.3 a & b}

The measured electron energy distributions of ejected

electrons from a silver target using the RFA. The electric field of the laser beam
was p-polarised, i.e. perpendicular to the silver surface. The collection time for
each spectrum was 1V2 hours. In {b} the target was moved further into the path
of the beam.
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{Figures 4.3 c & d}

As 4.3 {a} & {b} except that the silver target was
moved further into the path of the p-polarised beam.
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Similar to the previous spectra except that the target

surface was now almost fully in the path of the impinging laser beam. In {f}, the
number of electrons ejected with kinetic energies between 8 and lOeV is extremely
significant. By examining the trend of this integral distribution it is reasonable to
assume that electrons with energies far greater than lOeV were being produced.
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from a wider area of the target surface. However, as the number of high energy
photoelectrons increased, so the structures observed within the spectra were
reduced.

hi Figure 4.3a, very few electrons were detected with kinetic energies greater than
6

eV. For this situation, the laser beam was incident on the süver surface such that

with the RFA set to analyse electrons with kinetic energies greater than 6 eV, the
electron signal was barely detectable on the channel electron multiplier. Possible
evidence for structure was again apparent.

On moving the target in small

increments further into the path of the beam, spectra were recorded until the target
surface was fully in the path of the incident laser beam {Figure 4.3J). In this
figure, the number of electrons with energies greater than 8 eV is extremely
significant and it would not be unreasonable to assume that electrons with kinetic
energies greater than lOeV were being ejected from the surface.

4,2,4

Summary

The retarding field analyser provided evidence for the production of photoelectrons
by the multiphoton photoelectric effect. Broad agreement was found with the
results reported by Farkas, T6th & Kohdzi-Kis (1993). Our data was however
difficult to reproduce and the energy distributions of the electrons recorded varied
depending on the position of the target with respect to the laser and retarding field
analyser; phenomena commented on by Farkas et al (1993).

The strong

polarisation dependence observed in the photoelectron intensity was in excellent
agreement with the results of Luan et al (1989). However, since the resolution
of the RFA was insufficient to quantify any fine structure in the ejected electron
energy spectra, it was necessary to construct a higher resolution concentric
hemispherical electron analyser.
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4.3

The

Concentric

Analyser

Hemispherical

(CHA)

Following initial investigations using the retarding field analyser (RFA), the
experimental apparatus was upgraded by the incorporation of the concentric
hemispherical analyser as described in Section 2 4 5 to energy analyse the product
photoelectrons. Simultaneously, additional optics to focus, attenuate and polarise
the incident photon beam were added {Section 3.4.2}. A series of experiments
was then performed to probe the existence of a multiquantum photoelectric effect
(MPE) and comparisons are made witn earlier experiments.

43,1

Kinetic Energy Distribution O f Photoelectrons

43,1a

Results

The concentric hemispherical analyser allowed the kinetic energy distributions of
photoelectrons emitted by laser irradiation of the target surface to be analysed in
detail.

Figure 4.4 shows two typical electron spectra for 1064nm radiation

incident upon a copper surface. The zero of the photoelectron spectrum has been
corrected for any contact potentials and essentially marks the onset of photoelectric
emission from the metallic surface. As with the RFA, marked differences were
observed between radiation with polarisation vector perpendicular and parallel to
the surface. The signal with polarisation parallel (s-polarised) to the surface was
considerably smaller than that observed with the polarisation perpendicular (ppolarised) to the surface. Also, the maximum kinetic energy of photoelectrons
produced with p-polarised light was much greater than that produced with spolarised radiation, p-polarisation extending to lOeV kinetic energies in contrast
to an s-polarised light absolute maximum of 7eV [Figure 4.5].
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{Figures 4.4 a & b}

The measured electron energy distributions of ejected

electrons from a copper target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was 4 hours. In {a}, the peak
electron intensity is twice that shown in {b} indicating that electron emission is
more favourable when p-polarised light is incident on the target.
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{Figure 4.4c}

An identical spectrum as Figure 4.4b except that the plot has

been magnified to show more detail. The incident laser beam was s-polarised.
{Figure 4.4d}

The measured electron energy distribution of ejected electrons

from a heated tungsten filament using the CHA. Few electrons were emitted with
energies greater than 2eV, whereas in {c} the electron intensity peak is at 2eV,
suggesting that with s-polarised light another photoemission process was occurring.
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The measured electron energy distributions of ejected

electrons from a copper target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface.

The collection time for each spectrum was 1 hour. These spectra

illustrate that with p-polarised light {a}, electrons were ejected with kinetic
energies greater than 6 eV.
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However, comparison of the kinetic energies of the photoelectrons with the purely
thermionic emission of a heated filament {Figure 4.4c} indicate that even for spolarised radiation some multiphoton photoelectric emission is possible, and that
photoelectron spectra from both s- and p-polarised radiation are much broader than
the achievable resolution of the concentric hemispherical analyser (for example,
~70meV at an analysing energy of 3eV, Section 14.6).

Increasing the incident laser intensity by use of the focusing lens may be expected
to increase both the thermionic and multiphoton photoelectric emission from the
surface but the latter may increase more rapidly than the former. This was duly
observed, and the first evidence for structure in the photoelectron energy
distribution was observed with a second maximum being revealed at 3eV,
approximately 1.75eV above the first maximum [Figure 4.6], a value somewhat
greater than the energy of a single Nd:YAG 1064nm photon (1.17eV). Further
improvements to the ratio of MPE to thermionic emission can be made by
adjusting the angle of incidence upon the target surface [Figure 4.7} whence
thermionic emission (as monitored by s-polarised photoelectron yield) is reduced
to a minimum while p-polarised photoelectron yield remains relatively high.
However, although there is once again some evidence for structure in the
photoelectron energy spectrum (a peak being observed at 1.5eV, a shoulder at
4eV) it was neither regular nor reproducible in successive data runs.

Since the number of photons involved in MPE is characteristic of the work
function of the surface [Sections 1.4.2, 2.3.1} and thermionic emission is
dependent iç)on the reflectivity of the surface to the incident radiation, kinetic
energy spectra were also recorded for both silver and gold surfaces.

Photoelectron spectra collected from a silver surface are shown in Figures 4.8, 4.9
and 4.10 and are essentially identical to those for copper. Again MPE signal was
clearly observed above 4eV [Figure 4.8} extending to 12eV [Figure 4.9},
suggesting a fifteen-photon MPE absorption process is possible. In Figure 4.10a
(p-polarised radiation), there is clearly a second peak visible in the kinetic energy
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{Figures 4.6 a & b}

The measured electron energy distributions of ejected

electrons from a copper target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was 2 V2 hours. In both spectra
there is a peak around 1.25eV but in {a} a second peak is clearly visible at 3eV.
The difference between the peaks is ~ 1.75eV, greater than the laser photon energy.
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{Figures 4.7 a & b}

The measured electron energy distributions of ejected

electrons from a copper target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was 15 hours. The glancing angle
was increased by 3* so as to reduce the signal contribution by thermionic emission
processes. A high-energy 'shouldef is clearly visible for p-polarised light at 4eV.
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{Figures 4.8 a & b}

Tbe measured electron energy distributions of ejected

electrons from a silver target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was 1 hour. As with a copper
target, the number of electrons emitted from the silver surface was greater with ppolarised hght.
0.5

I
-e

0.3

I

I
0.0

•2

0

2

Electron energy [eV]

4

6

8

10

12

180

0.8

§
3
G

I

0.2

A.r -'iVS.

0.0
6

8

10

12

Electron energy [eV]

{Figures 4.9 a & b}

The measured electron energy distributions of ejected

electrons from a silver target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was 1 hour. Effectively no
electrons were emitted from the silver surface with energies greater than 6 eV when
subjected to s-polarised light.
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{Figures 4.10 a & b}

The measured electron energy distributions of ejected

electrons from a silver target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was 2 hours. In both spectra there
is a peak at 2eV but in {a} another peak is evident at 5eV. The energy difference
between the two peaks does not coincide with the laser photon energy of 1.17eV.
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{Figures 4.10 c & d}

As 4.10 {a} & {b} except that the laser pulse energy

was increased by adjustment of the laser oscillator flashlamp voltage. In {d} the
electron energy basewidth has remained the same as {b} but the peak electron
intensity has doubled. In {c} the peak electron intensity has also doubled but the
electron energy FWHM has now widened and hence the smaller peak at 5eV is
now more difficult to detect.
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spectrum at 5eV that is not apparent in Figure 4.10b (s-polarised radiation). On
increasing the incident laser pulse energy {Figures 4.10 c,d}, the total number of
electrons emitted also increased for both p and s-polarised incident radiation.
However, with p-polarised light, the electron energy full width at half-maximum
(FWHM) has also increased and hence the small peak at 5eV is now difficult to
distinguish from the tigh-energy tail' of the main peak at 2eV. With s-polarised
light, the electron energy FWHM remained approximately constant.

Results using a gold surface [Figures 4.11, 4.12} are likewise similar to those for
copper and silver but with a slightly higher MPE yield above 6 eV kinetic energy
[Figure 4.12b). However, even with this higher yield there is still no distinctive
structure observable in the photoelectron energy distributions. In Figure 4.13, both
spectra were recorded with incident p-polarised laser radiation but in {b} the target
surface was moved slightly further into the path of the incident laser beam. The
result of this action was to once again significantly increase the number of highenergy electrons ejected from the target surface, since not only has the laser
intensity on the surface increased, but so too the surface area irradiated by the
laser beam.

4,3,1

Kinetic Energy Distribution O f Photo electrons

4,3,1b

Discussion

The concentric hemispherical analyser has confirmed the earher data of the
retarding field analyser. The multiphoton photoelectric effect has been observed
with photoelectrons of up to 13eV being measured. P-polarised radiation has been
shown to produce the strongest MPE effect and is able to distinguish MPE from
thermionic electrons.

Careful comparison of thermionic emission from a

calibrating filament with s-polarised photoelectron data would suggest that a small
MPE signal is observed even at this unfavourable polarisation. However, such an
effect is difficult to quantify as it is impossible to determine the local effective
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{Figures 4.11 a & b}

The measured electron energy distributions of ejected

electrons from a gold target using the CHA. In {a} the electric field of the laser
beam was polarised peipendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was IV2 hours. Only one peak
was observed (centred at 2eV energy) in {b} but in {a} the main peak is at =^2eV
with a long high-energy shoulder extending to 12eV.
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{Figures 4.12 a & b}

The measured electron energy distributions of ejected

electrons from a gold target using the CHA. In {a} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {b}, parallel to the
surface. The collection time for each spectrum was IV2 hours. Substantially more
electrons were emitted from the surface and electrons emitted with energies up to
13eV were recorded with p-polarised light.
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{Figures 4.13 a & b}

The measured electron energy distributions of ejected

electrons from a gold target using the CHA. The electric field of the laser beam
was polarised perpendicularly to the target surface. The collection time for each
spectrum was IV2 hours. In {b} the target was moved further into the path of the
beam, increasing the photoelectron yield at high kinetic energies. Similar results
were found with the RFA for copper {Figure 4.1].
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temperature for thermionic emission due to an intense nanosecond laser beam with
a complex spatial profile.

Further evidence for MPE with s-polarised radiation was found by observing the
peak of the photoelectron current. For all three targets and at all laser mtensities
used during this work, the peak photoelectron current yield was in excess of 2eV,
a far higher energy than the leV kinetic energy peak {Figure 4,4d} observed with
thermionic emission from the filament at T *=2300K.

None of the theories developed for MPE preclude a multiphoton process using spolarisations but all agree it will be much enhanced for p-polarisation. It should
also be noted that the residual polarisation of the incident laser radiation after the
polarising cube and half wave-plate will still not be

100

% s-polarised, nor is the

surface entirely flat. Hence, there are also experimental reasons to expect some
residual MPE signal using our s-polarised optical system which will be essentially
indistinguishable from thermionic effects. A future improvement to the apparatus
would therefore be to use a picosecond laser to further reduce thermionic signal
and to improve the polarisation characterisation with a second polarisation cube
and additional half wave-plates.

Luan et al (1989) are the only previous workers to have used an electrostatic
analyser to determine the photoelectron kinetic energy spectra and reported a series
of peaks superimposed upon a declining background [Section 1.3}. In agreement
with the present data they observed a strong reduction in photoelectron yield with
s-polarised radiation but also to a non-negligible value.

The most notable

difference between this work and that of Luan et al. (1989) is the absence of any
structure in the photoelectron energy spectra.

The experimental conditions

described by the authors have been reproduced in the present work but without any
observation of discrete structure that is reproducible from one run to the next.
Luan et al (1989) comment in their paper on the difficulty of reproducing their
data while also stating that the observed structure was not equally spaced as might
be expected if it is due to a pure multiquantum process.
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The suggestion that the photoelectric electron energy spectra will reveal discrete
quantised peaks is based upon the observation of such spectra in multiphoton
ionisation of atomic species in the gas-phase (e.g. Agostini & Petite (1988)). In
the condensed phase of matter studied here such an analogy may be too simplistic.

Electron emission from surfaces has been the subject of considerable research in
the past decade. Electron scattering from monolayers of condensed gas upon a
metallic substrate have shown that an additional interactive potential exists
between the scattering electron and the substrate, the image potential.

The

presence of an image potential may have considerable influence upon excitation
in the atomic/molecular monolayer {Palmer & Rous (1993)). For example, both
the lifetime and excitation energy of scattering resonances are lowered by the
presence of the image potential. Similarly, the greater attractive forces existing
between constituent atoms/molecules in the condensed phase compared to gaseousphase has been shown to lower the excitation energy of electronic transitions and
distort the photoelectron spectra.
Thus, it would be surprising if a simple multiphoton analysis based upon gasphased multiphoton ionisation reproduced data from a gas-covered surface.
Electrons produced by multiphoton ionisation within the monolayer will be subject

^

to both the image potential and interactive potentials with neighbouring targets
which will alter their kinetic energies and may lead to a widening of the observed
kinetic energy distribution until all discrete structure is 'smeared out'. However,
this is purely

as at the present time no multiphoton io n isa tio n __

experiment within molecular/atomic monolayers have been performed.

Nevertheless, from the present data we cannot infer any discrete structure within
the photoelectron spectra.

This could be attributed to any analogy with an

ionisation process being in error. The photoelectrons produced by a photoelectric
effect arise from the fermi sea of electrons within the metals and can not be
ascribed to any particular copper, gold or silver atom. Although the work function
of any surface has been compared with the ionisation energy of an atom, in effect
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the two processes are of a disparate nature. The electrons within the fermi sea
may have any initial energy level and are not constrained by atomic levels,
therefore the continuous energy spectrum above the observed work function may
be a consequence of this 'fermi sea'. The MPE energy spectra may then have
similarities with the continuous energy spectrum produced by thermionic emission.
With the different quanta of laser radiation simply penetrating to different depths
of the fermi surface, the ejected photoelectron then 'scattering' from other electrons
in the 'sea' prior to reaching the surface and thus losing any discrete photoelectron
spectra.
Finally, photoelectric emission may be a simple tunnelling phenomena from which
discrete structure is also unlikely.
Further experiments will be necessary before this problem is resolved As part of
this process a preliminary experiment using 532nm radiation has been performed.
Such radiation produces photons of twice the energy of the 1064nm used in the
experiments described above thus doubling the separation between any structure
in the photoelectron energy spectra and thence, perhaps, allowing such structure
to be observed even if there is considerable broadening due to internal surface
scattering and image potentials. Figures 4,14 and 4,15 show one data set collected
over a long time period with alternating p- and s-polarised radiation. There is
evidence of a reproducible double-peak structure with the lower peak at ^1.5eV,
the higher at ^2.5eV but we ascribe the lower peak to the increased thermionic
emission expected from the silver surface due to its lower reflectivity for green
than infra-red radiation. This increased thermionic emission expected from all
surfaces when using green radiation can only be overcome by using shorter pulsed
radiation and this is currently unavailable.
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{Figures 4.14 a & b}

The measured electron energy distributions of ejected

electrons from a silver target using the CHA. In (a) the electric field of the laser
beam (hu=2.34eV) was polarised perpendicularly to the target surface, in {b},
parallel to the surface. The collection time for each spectrum was 7 hours. In
both spectra, the main peak has an electron energy of 1.25eV. A second smaller
peak is clearly visible at 2.75eV in {a} but is not observed in {b}.
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{Figures 4.15 a & b}

The measured electron energy distributions of ejected

electrons from a silver target using the CHA. The electric field of the laser beam
(hu=2.34eV) was polarised perpendicularly to the target surface. The collection
time for each spectrum was 10 hours. In {b} the laser pulse energy was increased
by adjustment of the laser oscillator flashlamp voltage. This had the effect of
extending the electron energy distribution and enhancing the high-energy peak.
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43*1

Kinetic Energy Distribution O f Photo electrons

43*1 c

Conclusions

The present experiments while clearly demonstrating the existence of the
multiquantum photoelectric effect have, in contrast to the work of Luan et al
(1989), shown no evidence for discrete structure within the product kinetic energy
distributions.

Whether such discrete structure should be observed therefore

remains uncertain and further experiments are necessary.

4.4

The Multiquantum Photoelectric Effect A

s

A Function Of Laser Intensity And Polarisation
Having established the existence of a multiquantum photoelectric effect,
experiments to probe the dependence of the photoelectron yield as a function of
both laser polarisation and intensity were performed for three metallic targets;
gold, silver and copper.

4*4*1

Polarisation

Dependence

Of

The

Multiquantum

Photoelectric Effect

Selecting the concentric hemispherical analyser (CHA) to detect those
photoelectrons ejected from the target surface with a specified kinetic energy, the
photoelectron current was measured as a function of the polarisation of the
incident laser radiation. This was achieved by rotating the polarisation vector of
the laser beam incident on the target surface using a half wave-plate. The CHA
was tuned such that only electrons ejected from the target surface with a known
and discrete kinetic energy were allowed to be detected by the channel electron
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multiplier.

Figures 4.16a-d show the polarisation dependences for photoelectrons with 3, 6 ,
8

, and 10 eV kinetic energies respectively from a gold surface. Each data point

was measured for half an hour so that the statistical variation in electron signal
could be minimised and hence the error bars are so small on the y-axis (electron
intensity) that they are too small to be significant. Figures 4.16e&f show the
corresponding measured electron kinetic energy distributions associated with
perpendicular^ polarised {Figure 4,16e} and parallel [Figure 4.16J) laser
radiation.

A strong polarisation dependence was found with a maximum photoelectric current
being observed when the half wave-plate was set at 90"" such that the incident
laser beam had its polarisation perpendicular (p-polarised) to the metal surface.
Minima were observed close to 45° and 135° when s-polarised radiation was
incident upon the surface.

For kinetic energies of

6

,

8

and 10 eV the

photoelectron intensity at 45° and 135° was essentially zero, in agreement with
the kinetic energy spectra discussed earlier {Section 4.3.1a; Figures 4.11, 4.12).
While for 3eV photoelectrons at both 45° and 135° the residual signal was finite
but about 20% of the maximum signal at 90°. This is once again in agreement
with the kinetic mergy spectra and suggests that a small multiquantum
photoelectric signal may be observed with intense laser radiation even when that
radiation is polarised parallel to the metalhc surface, but the MPE signal is greatly
increased for perpendicularly polarised radiation.

Changing the metalhc surface to either silver {Figure 4.17} or copper {Figure
4.18} produced, essentiaUy, the same polarisation dependence indicating that while
the multiquantum photoelectric effect has a strong polarisation dependence, such
an effect is independent of the surface work function.
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{Figures 4.16 e & f }

The measured electron energy distributions of ejected

electrons from a gold target using the CHA. In {e} the electric field of the laser
beam was polarised perpendicularly to the target surface, in {f}, parallel to the
surface. The collection time for each spectrum was 1 hour. The polarisation
dependence of photoelectron emission was investigated by recording the ejected
electron intensities at certain discrete electron kinetic energies of 3 , 6 , 8 and lOeV.
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As {a} except that the ejected electrons

emission from a silver surface versus polarisation angle, r). The

had a kinetic energy of 5eV. At W , the polarised laser radiation

ejected electrons had a kinetic energy o f 3eV.
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had a kinetic energy of 6eV. At 90®, the polarised laser radiation

ejected electrons had a kinetic energy o f 4eV.
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These results are in agreement with theoretical predictions which suggest that the
photoelectrons are drawn from the surface along the induced electric field of the
laser radiation (e.g. Farkas (1973)).

4,4,2

Laser Intensity Dependence O f The Multiquantum
Photoelectric Effect

A fundamental postulate of the theory of the multiquantum photoelectric effect is
that the yield of photoelectrons should be strongly dependent upon the intensity
of the incident laser radiation.

Furthermore, it has been predicted that a

logarithmic plot of photoelectric current against incident laser intensity should be
a straight line with gradient equal to the number of photons, n, required to
overcome the surface work function.

The laser intensity could be varied either by rotating the polarisation cube or
altering the flashlamp voltage, but both methods could have slightly altered the
angle of incidence upon the metallic surface. Attempts to moderate the laser
intensity with other beam moderators were, however, unsuccessful due to the large
heating induced in the moderators.

Each set of data were recorded by a similar method to that used to investigate the
polarisation dependence of the photoelectron emission.

The concentric

hemispherical anafyser was tuned such that only electrons of a known kinetic
energy were detected by the channel electron multiplier. The photoelectron signal
was then measured as a function of incident laser intensity. For example, using
a gold surface and with the polarisation of the laser incident perpendicularly to the
surface, the maximum intensity of photoelectron yield was found to be with a
kinetic energy of approximately 3eV {Figure 4.19a},

Hence, the concentric

hemispherical analyser was tuned such that only electrons ejected from the target
with 3eV kinetic energies were detected by the channel electron multiplier. The
intensity of the laser radiation incident on the target surface was then varied by
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rotating the polarisation cube. Five data points were recorded, each data point
being collected for an hour. A plot of photoelectron intensity versus incident laser
intensity is shown in Figure 4.19b. Apart from the last data point (that collected
with the highest incident laser intensity), all of the points lay on a straight line of
gradient 4.5. Theory would predict that for a gold surface, the gradient should be
5; the minimum number of photons required to achieve multiquantum
photoejection from the surface. Luan et al (1989) also found that their slope
dependence was less than predicted by theory. This they attributed was possibly
due to their laser pulse having a poor spatial and temporal profile. For this work,
this explanation is also feasible. However, values for the work function of gold
differ widely {Section 13.1], some measured work functions being significantly
smaller than others. It is possible that a minimum of only four photons is required
for photoejection from a gold surface, in which case there is some evidence for the
absorption of a fifth 'above-threshold' photon.
The last data point is slightly below the line of best fit for the other data points.
Farkas, Horvath & Kertész (1972) explained this deviation as probably being due
to the onset of optical field emission (tunneling). It is possible that in the present
experiment at these higher laser intensities such an effect may also occur and as
a direct result of laser-surface mteractions will lead to deviations from the
predicted 'n' dependence.

The concentric hemispherical analyser was then retuned to analyse ejected
electrons with two other kinetic energy values.

Figure 4.19c shows a laser

intensity dependence plot where the ejected electrons had a kinetic energy of 5eV
and Figure 4.19d a. kinetic energy of 7eV. Due to reduction in signal intensities,
the collection time per data point was increased to two hours. Once again the last
data point of Figure 4.19c is below the line of best fit for the other data points.
However, the other points are on a straight line of gradient 6.0 which is clearly in
excess of the value of 'n' needed to cause photoelectron emission for gold surfaces
of work fimction between 4 and 5 eV, and contrasts with a gradient of 4.5 for an
electron kinetic energy of 3eV. Two explanations for this increase in gradient are

r-
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possible. The first is that a process called 'photon-assisted thermionic emission'
is occurring {Section L3}. This process, first reported by Bechtel & Franken
(1975), is characterised by a gradient value slightly greater than that expected for
pure multiquantum photoemission. However, the absence of any photoelectrons
with 5eV kinetic energy [Section 4.4.1} when parallel polarised laser radiation is
used conflicts with there being a thermionic effect in the current experiment.
Hence, an alternative explanation is that in an analogous manner to the gas-phase,
an 'above-threshold multiquantum photoelectric effect' is being observed such that
excess photons are being absorbed to liberate the photoelectron from the surface
and the residual energy (nliu-0 ) is transferred into kinetic energy of the
photoelectron.

Hence, for photoelectrons with a kinetic energy of 5eV,

n%0+5/^u = 9. Although our gradient is not equal to 9, higher kinetic energy
electrons produced a higher 'n' value. Photoelectrons with kinetic energies of 7eV
produced a gradient of 8.0 [Figure 4.19d] and photoelectrons with kinetic energies
of 9eV produced a graph of gradient 9.0 [Figure 4.19e).
Similar results were found using a copper target [Figures 4.20a,b,c}, for example
for photoelectrons of 4eV kinetic energy, a gradient of 6.0 was observed. In those
regions of the photoelectron kinetic energy spectra expected to contain thermionic
contributions, the yield of ejected electrons versus incident laser intensity revealed
a non-linear dependence. Figure 4.20b shows the laser intensity dependence of
2eV ejected electrons from a copper surface. This is in excellent agreement with
data reported by Farkas, Kertész, Ndray & Varga (1967B) discussed in Section 1.3
where thermionic emission was known to dominate.

Unfortunately, it was impossible to collect data over a wider range of incident
laser intensities as at higher intensities the laser beam would bum the metallic
target surface producing a surface melt, while at lower intensities too few
photoelectrons were produced for the low efficiency concentric hemispherical
analyser to detect a stable photoelectric current. Further experiments using shorter
(picosecond) laser pulses are therefore needed to probe the laser intensity
dependence without surface heating and hence quantify the 'n' dependence of the
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{Figure 4.19a}

The measured electron energy distribution of ejected electrons

from a gold target using the CHA. The electric field of the laser beam was
polarised perpendicularly to the target surface. The collection time was 1 hour.
{Figure 4.19b}

The laser intensity dependence of the measured photoelectron

signal from a gold surface. The ejected electrons had a kinetic energy of 3eV.
The slope of the graph, n, is 4.5.
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{Figure 4.19c}

The laser intensity dependence of the measured photoelectron

signal from a gold surface. The ejected electrons had a kinetic energy of 5eV.
The slope of the graph, n, is 6.0.

{Figure 4.19d}

As {c} except that the ejected electrons had a kinetic energy

of 7eV. The slope of the graph, n, is 8.0.
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{Figure 4.19e}

The laser intensity dependence of the measured photoelectron

signal from a gold surface. The ejected electrons had a kinetic energy of 9eV.
The slope of the graph, n, is 9.0.
{Figure 4.20a}

The measured electron energy distribution of ejected electrons

from a copper target using the CHA. The electric field of the laser beam was
polarised perpendicularly to the target surface. The collection time was 41/2 hours.
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{Figure 4.20b}

The laser intensity dependence of the measured photoelectron

signal from a copper surface. The ejected electrons had a kinetic energy of 2eV.

{Figure 4.20c}

As {b} except that the ejected electrons had a kinetic energy

of 4eV. The slope of the graph, n, is 6.0.
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photoelectron yield.

4.5

Summary

In this chapter, the results of an investigation of the multiquantum photoelectric
effect using a high-powered

lOOMWcm'^) 8 ns pulsed Nd:YAG laser have

been reported.

Kinetic energy distributions were measured using both a retarding field analyser
and a concentric hemispherical analyser. Both instruments revealed photoelectrons
with high kinetic energies that must be ascribed to a multiphoton process.

The concentric hemispherical analyser was also used to probe the dependence of
the photoelectron yield as a function of laser polarisation and intensity. In both
cases, strong non-linear dependences were observed. Comparisons were made
with earher experiments and theory but there remains a need for further work
before the mechanism of multiquantum photoelectric emission is understood.
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Chapter 5
Conclusions And Suggestions For
Future Work

The purpose of this project was to investigate electron emission from selected
metal surfaces by multiphoton processes.

This was performed using an 8 ns

NdiYAG laser (A,= 1064 or 532nm, 30Hz repetition rate) directed onto one of three
metal surfaces (either copper or gold or silver). The multiquantum photoelectric
effect was studied by recording the kinetic energies of the ejected photoelectrons
from the respective targets using two electron analysers; (1) a simple retarding
potential device and (2 ) a concentric hemispherical analyser.

The photoelectrcn intensity was found to be strongly dependent iç)on;

•

The polarisation of the incident laser radiation, the photoelectron current

depending predominantly upon the optical field strength perpendicular to the target
surface.

210

•

The incident laser intensity. At low intensities, the photoelectron current

varies with laser intensity in the form of a power dependence of order n, while at
higher intensities the dependence is found to be of the form n ± x, where x can
be greater or less than n, depending on the experimental conditions.

The photoelectron kinetic energy distributions were also found to be strongly
dependent upon the laser intensity and polarisation. High energy photoelectrons
( 2:lOeV) were measured for 2i60MWcm'^ p-polarised laser radiation. In contrast,
for s-polarised laser radiation of the same intensity, the maximum photoelectron
kinetic energy was :s4eV.

The kinetic energy distributions of the photoelectrons were independent of the
metal surface used and therefore suggests that the multiquantum photoelectric
effect is only slightly ir^uenced by the work function of the target.

In contrast to the only previously detailed analysis of the kinetic energy
distributions of such photoelectrons reported by Luan et al (1989), no
reproducible discrete peak structure was observed by us in the kinetic energy
distributions using infra-red (1064nm) laser radiation. However, there was some
evidence for a double-peaked structure when green, visible (532nm) radiation was
used.

In the present experiments it is necessary to quantify the role of any thermionic
emission. Since thermionic emission is independent of the direction of polarisation
of the laser radiation then contributions from thermionic emission can be
determined by studying the photoelectron yield and kinetic energy as a function
of laser polarisation. At medium and high photoelectron kinetic energies (greater
than 5eV) for all target samples and at all laser intensities the number of
photoelectrons detected using s-polarised (parallel to the surface) radiation was
negligible compared with p-polarised (perpendicular to the surface) laser radiation.
Hence photoelectrons with kinetic energies of 5eV or more can only have arisen
from a multiphoton process. However, at low photoelectron kinetic energies (4eV
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or less) contributions from s-polarised light were significant, approximately 2 0 %
of the photoelectron intensity recorded with p-polarised Hght. It is therefore
concluded that in such regions of the photoelectron kinetic energy spectrum the
multiquantum photoelectric effect may in part be masked by thermionic processes.
Further tests for the role of thermionic emission using frequency-doubled Nd:YAG
laser radiation on a silver surface (the reflectivity of silver being less for 532nm
than 1064nm radiation) confirmed that thermionic emission at these laser
intensities will be observed and hence may explain the double-peaked structure in
the measured kinetic energy distributions.

The photocurrent dependence on the incident laser intensity is also an indication
of the physical processes occurring and this was investigated in the present
experiment and compared with data reported by a number of other research
groups. At higher laser intensities than used in this project, Farkas, Horvdth

Sc

Kertész (1972) found that the gradient of the logarithm of the photoelectron signal
[in (Jpg)] versus the logarithm of the incident laser intensity [In (IJ] was less than
expected and this they attributed to the onset of optical field emission. In our
work, this was also true, with the final data point of each data run (the one
recorded with the highest incident laser intensity) being slightly below the straight
line of best fit for the remainder of the data points. Bechtel

Sc

Franken (1975)

also measured the dependence of the measured electron signal as a function of the
incident laser intensity but for a tungsten surface and found that a slope higher
than predicted was recorded. This, the authors explained, was due to a process
they called 'two photon-assisted thermionic emission' where the incident laser
radiation produces a rise in temperature at and very close to the target surface so
that there is an increase in the number of electrons in the tail of the Fermi-Dirac
energy distribution than is typical at room temperature. In the present work, the
incident laser intensity dependence was measured at different discrete ejected
kinetic energies. Therefore in contrast to Farkas, Horvdth

Sc

Kertész (1972) and

Bechtel & Franken (1975) who recorded the dependence of all of the ejected
photoelectrons on the incident laser intensity, in this work only photoelectrons with
a specific kinetic energy were analysed at any one time. It was found that the
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production of photoelectrons with higher kinetic energies was more strongly
dependent upon laser intensity than those with lower kinetic energies. Indeed, as
the photoelectron kinetic energy increased so too did the gradient of In(Ipg) versus
ln(IJ. This effect was independent of target surface.

Such results may suggest that similarly to gaseous targets an above-threshold
process is possible whereby an electron in the metal absorbs not only the energy
required to overcome the surface work function but additional multiples of laser
quanta which are subsequently converted into the kinetic energy of the
photoelectron.

Nevertheless, the present experiments remain incomplete, since it has not been
possible to definitively ascribe the mechanisms for the photoelectron emission
observed.

It is a multiphoton process but whether it is purely photonic or

thermally-assisted or involves optical tunnelling remains unclear.

Further

experiments are therefore necessary.

Thermionic-related processes may be eliminated by using shorter laser pulses
(pico- or femtoseconds) since then the incident laser fhix has insufficient time to
cause heating within the surface layers. However, such laser pulses may also
produce entirely new multiphoton processes that can not be described by the
modified Einstein photoelectric equation used in this work. For example, Farkas
& Toth (1990) using an 8 ps, 25GWcm ^ 1064nm laser pulse on a gold plate
reported the production of photoelectrons with kinetic energies of up to 600eV,
suggesting multiphoton processes involving over 500 quanta! Hence, although
thermionic processes may be reduced, the experiments may enter a new region of
non-linear photoelectron emission.

Alternatively, a two-colour experiment can be performed in which two lasers are
focused onto a single target and photons absorbed from each beam simultaneously
{Tothy Kohazi-Kis & Farkas (1995)) to hberate photoelectrons.
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Finally, single crystal or semiconductor surfaces may be used to determine the role
of the surface work function in the multiquantum process.

Thus, future studies of the interaction of laser radiation and surfaces are likely to
prove to be a challenging but rewarding area of experimental stady.
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