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Abstract
Techniques to produce light in the vacuum ultraviolet (VUV; 100 nm �
λ � 200 nm) and extreme ultraviolet (XUV; 10 nm � λ � 100 nm) are
reviewed. Special emphasis is placed on high harmonic generation (HHG).
Experimental studies that have utilized HHG as well as the VUV and XUV
surface photochemistry of H2O and O2 are reviewed. HHG is shown to be
a promising technique for the investigation of the dynamics of electrons and
surface photochemistry. Lateral interactions and adsorbate structure in adsorbed
H2O and O2 layers are shown to have important roles in determining the fate of
ions produced by dissociative photoionization at surfaces.

1. Introduction

This article concerns itself with surface photochemistry in the VUV and XUV spectral ranges as
well as the techniques used to generate this light. Here we define three regions: the ultraviolet
(UV; 200 nm � λ � 400 nm, 3.1–6.2 eV), vacuum ultraviolet (VUV; 100 nm � λ � 200 nm,
6.2–12.4 eV) and extreme ultraviolet (XUV; 10 nm � λ � 100 nm, 12.4–124 eV). The
VUV and XUV are particularly active regions for photochemistry because the transitions of
valence electrons—the electrons most directly involved in chemical bonding—lie in these
regions. However, several materials’ properties conspire to complicate the study of surface
photochemical phenomena in this region. The first is what is responsible for the vacuum of
the vacuum ultraviolet. Atmospheric absorption, first by oxygen and then by nitrogen, greatly
limits the pathlength of electromagnetic radiation below 200 nm. Anyone who has been near a
100 Hz (or greater) repetition rate ArF excimer laser operating at 193 nm will know the smell
of photochemically produced ozone. The pathlength of the only other commercial VUV laser,
the fluorine laser operating at 157 nm, has a pathlength too short to make for practical use under
ambient conditions. The second materials’ problem is that VUV and XUV radiation interact
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strongly with solid materials [1]. Metals are no longer highly reflective, necessitating the use
of specially designed multilayer mirrors [2]. The very best quartz cannot be used as an optical
material below 175 nm. CaF2 extends to 125 nm for use as a window and MgF2 to 122 nm.
The highest band gap material, LiF, can be used as a window down to 104.5 nm.

The third materials’ problem is related to the lasing medium. Several schemes exist for
producing tunable UV radiation including lasers that operate directly in this region as well
as nonlinear optical techniques (harmonic generation, parametric generation, etc). Broadly
tunable sources operating in the VUV and XUV are a much rarer commodity. This can be
traced back to quantum mechanical fundamentals as revealed by the ratio of the Einstein
coefficients for spontaneous and stimulated emission between two levels. At progressively
higher frequencies, the rate of spontaneous emission becomes increasingly larger than that for
stimulated emission. Therefore, for energy levels separated by increasingly larger gaps and
shorter lifetimes, it becomes progressively more difficult to maintain the population inversion
required for lasing.

Compared with conventional studies of surface photodynamics in the visible and near UV,
the VUV has two principal attractions:

(i) it is a region where many simple molecules with well-characterized gas-phase
photochemistry and thermal surface chemistry (e.g. O2, CO, H2O) absorb light; and

(ii) the photon energy exceeds the work function of the substrate, allowing the generation of
substrate photoelectrons which can drive dynamical processes in an adsorbed molecular
film.

Surface photochemistry in the VUV and XUV is of particular importance to the evolution of
the interstellar medium, protoplanetary clouds [3, 4] and elsewhere in our solar system [5]
as well as to semiconductor processing [6–10]. The extension of top-down lithographic
techniques to the patterning of self-assembled monolayers represents a potentially powerful
route to not only surface but also three-dimensional nanoarchitectures [11]. Because a range
of different molecular electronic states exist at these energies, VUV photons can excite surface
photochemistry that can exhibit specific resonant behaviour [12, 13] and that can be compared
to gas-phase photochemistry in the VUV [14]. Recently, the first experiments in which
VUV light generated by high harmonic generation (HHG) was used to excite [15] and to
probe [16, 17] surface photochemistry were reported. This review will place special emphasis
on HHG as well as the photochemistry of two important small molecules, O2 and H2O.

2. VUV and XUV light sources

2.1. Atomic lamps

One of oldest sources of VUV and XUV light is atomic emission lamps excited by any of a
variety of discharges [1]. Of particular interest for astrochemical studies are the emission lines
of H (10.2 eV), and He (21.1 and 40.82 eV) because these are the most abundant species in the
interstellar medium. They also deliver some of the highest intensity short wavelength radiation
and commercial sources can now deliver of the order of 1013 photons cm−2 s−1. Different rare
gases can be used to deliver other photon energies. These sources are continuous wave, i.e. not
pulsed, sources that require windowless operation; hence, they affect the pressure in the surface
science chamber. Furthermore, useful photon fluxes are, for most purposes, only available at
discrete lines since the continuum radiation between these lines tends to be produced at much
lower intensity. Xe flash lamps can be operated to provide µs pulses of light in the range
170–3000 nm, with time-averaged powers exceeding 100 mW.



Surface photochemistry of H2O and O2 in the VUV S1657

2.2. Synchrotrons

Accelerating electrons emit radiation. The recognition of this was a primary objection to the
planetary model of negatively charged electrons orbiting a positive nucleus and led Bohr to his
ad hoc proposition for the quantization of angular momentum. This parasitic phenomenon was
originally observed as a complication in the construction and operation of high-energy electron
accelerators but then it was soon realized that this could be exploited as a light source [2]. Thus
was born the synchrotron, and the first implementation was at General Electric in 1947 [2]. A
recent survey of synchrotron facilities is available from the proceedings of the 8th International
Conference on Synchrotron Radiation Instrumentation [18]. Third generation synchrotron
sources operate continuously between 10–1000 eV (and beyond). They can deliver up to 1013

photons s−1 into a bandwidth of 0.01%. Different types of pulse trains are possible but typically
high repetition rates (1–500 MHz) lead to low pulse energies in ∼100 ps pulses [19]. Therefore
they are ideal for applications that require high average photon fluxes of incoherent radiation but
they generally cannot reach the high power densities required to study nonlinear phenomena.
Fourth generation sources, incorporating energy recoverable linacs (ERLs) and free electron
lasers, promise to push pulse length into the sub-picosecond regime [18].

2.3. Free electron lasers

A free electron laser (FEL) consists of an electron beam propagating through a periodic
magnetic field [20–22]. This transverse oscillating magnetic field is known as the undulator.
Lasing occurs because the wiggler and the radiation combine to produce a beat wave that is
synchronized with the electrons. An FEL is continuously tunable, capable of high peak and
average powers, and can produce a range of pulse widths and patterns.

The Jefferson Laboratory FEL is a sub-picosecond (∼100 fs), tunable light source covering
the range from 250 nm in the ultraviolet to 14 µm in the mid-infrared, with pulse energies up to
300 µJ, and at repetition rates up to 75 MHz. Not all parameters can be satisfied simultaneously
but average powers in excess of 10 kW have been demonstrated in the infrared [21]. Because
of the high peak power, the wavelength range could potentially be extended by conventional
and high harmonic generation. The major advantage of an FEL over a synchrotron is that it
can produce coherent light many orders of magnitude brighter than the incoherent synchrotron
radiation [21].

The Deutsches Elektronen-Synchrotron (DESY) Laboratory is also planning an x-ray FEL.
The FEL has operated in the range 80–180 nm since 2002. This has recently been extended
to 6 nm and plans exist to reach an ultimate wavelength of just below 0.1 nm. An initial
set of experiments at 98 nm has looked at the damage caused by the irradiation of Si, SiO2,
Au, PMMA and thin Au and C coatings on Si wafers with fluences up to >1 J cm−2 [22].
Photodesorbed ions with high translational energies were observed to leave the samples for
high fluence irradiation. Ion desorption generally exhibited a threshold of 50 mJ cm−2.

As of 2000, there were five FELs that could operate below 300 nm. Operation below
200 nm is severely limited by the poor quality of mirrors [20], which necessitates the use
of a single pass self amplified spontaneous emission (SAES) scheme or high-gain harmonic
generation (HGHG). HGHG requires a first, short undulator, called the modulator, to be tuned
to the frequency of the coherent seed laser, which may be a short pulse optical laser. The second
undulator, called the radiator, is tuned to the nth harmonic of the seed frequency. This scheme
may facilitate the generation of XUV light with pulse lengths approaching 10 fs. Other schemes
have been discussed with the intention of dropping the pulse length to as low as 200 as [22].
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2.4. χ(3) methods

Methods for generating VUV radiation via the third order nonlinear susceptibility have been
reviewed by Lipson et al [19]. For laser intensities that are not too intense, the polarization
P (ω) induced in an irradiated material can be written as a Taylor series of the external electric
field E(ω)

P (ω) = N(χ(1) ·E(ω) + χ(2) : E(ω)E(ω) + χ(3) : E(ω)E(ω)E(ω) + K ) (1)

where N , χ(1) and χ(n), n � 2, are the number density, linear susceptibility, and the nth order
nonlinear susceptibility tensors of the medium, respectively. The real component of the χ(1)

term (refractive index) is responsible for the linear dispersive properties of the material, while
its imaginary component describes absorption. Each higher order term in E(ω) acts as a source
for coherent light at new frequencies.

The χ(2) term is responsible for second order phenomena such as second harmonic
generation (SHG) and optical parametric oscillation. β-barium borate was greeted as a
Wunderkind of nonlinear optical crystals when it burst onto the scene in the mid-1980s. This
high damage threshold, widely transparent material with a χ(2) value >4 times that of the old
standard potassium dihydrogen phosphate (KDP) facilitated expanded studies in the UV. For
example, the (2 + 1) resonance enhanced multiphoton ionization scheme for H2 through the E,
F 1�+

g state was transformed from an arduous task involving fourth order anti-Stokes Raman
shifting to produce several µJ per pulse [23, 24], to a straightforward tripling scheme producing
>1 mJ per pulse. This greatly enhanced the detection sensitivity for H2 and its isotopomers and
ushered in an era of state-resolved surface studies [25–29].

However, BBO and all other nonlinear crystals are opaque below 189 nm, and hence,
to most of the VUV and XUV. Consequently, VUV and XUV generation must be done in
gaseous media, for which harmonic generation is dependent on the third order χ(3) term. Two
approaches to the production of VUV radiation in gaseous media are nonresonant tripling
(third harmonic generation, THG) and two-photon resonance enhanced four-wave mixing.
These techniques can be used to access the region 66–200 nm (∼6–19 eV) with laser-like
emission. However, gaps exist and the emission intensity varies significantly across this region.
Peak intensities of 1012 photons s−1 are possible in 10 ns pulses with very narrow bandwidth
(∼0.5 cm−1) [19]. The nonlinear medium is contained either in a heat pipe or static gas cell
(limited in wavelength range by the windows) or in a supersonic gas jet expansion.

Whereas alkali metal vapours were first used as the tripling media, rare gases (Ne, Ar,
Kr and Xe) as well as Hg are now more commonly used. Rare gases possess the distinct
advantages that they are much easier to handle, and can be utilized either in a static gas cell
or after expansion in a supersonic jet. Jets offer a virtually ideal ‘windowless’ environment
for VUV generation. Conversion efficiencies of 10−8–10−5 are possible using commercial
nanosecond pulsed dye lasers with peak powers of 1–10 MW [19].

Hodgson et al [30] demonstrated that compared to THG substantially higher intensities
and broader tunability in the VUV could be had with four-wave mixing in Sr vapour. Four-
wave mixing is a variation on THG that requires two lasers. A VUV or XUV photon can be
generated when three input fundamental photons from two lasers, two at frequency ω1, and the
other at frequency ω2, are used to produce a fourth output photon at either the sum (2ω1 + ω2)

and/or the difference (2ω1 − ω2) frequency. Resonance enhancement of the intensity occurs
when one or more of the frequencies involved is coincident with a real electronic level in the
atomic medium. The most common condition is that 2ω1 is chosen to be resonant.
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2.5. Plasma sources

Plasma sources operating around 13.5 nm are being considered as the basis of extreme
ultraviolet (EUV) lithography [7], which is scheduled for commercial implementation in
2009 [10]. It should be noted that the progress of optical lithography has far exceeded the
wildest imagination of process designers [31] and whereas it was once envisioned that EUV
would be required at the 100 nm critical dimension node of integrated circuit fabrication [8, 32],
its introduction is now planned for the 32 nm node [33]. The principles and methods of
performing lithography with soft x-rays at ∼1 nm have been thoroughly reviewed by Turcu and
Dance [34] and many of the same issues face EUV lithography. These authors also discuss short
wavelength microscopy. Two competing technologies, gas discharge-produced plasma (GDPP)
and laser-produced plasma (LPP), are vying to form the basis of a commercial lithography
instrument and supply the estimated 115 W of useful incoherent optical power at a 7–10 kHz
repetition rate that is required for economical illumination of silicon wafers. Such sources
are being designed with maximum throughput and longevity in mind and are not intended
to be tunable. The choice of wavelength has largely been chosen to coincide with the short
wavelength limit of the reflectivity of Mo/Si multilayer mirrors [9].

Plasma sources [9, 10, 34] rely on either the blackbody emission of a Xe or Sn plasma at a
temperature of 22 000 K to produce light at 13.5 nm or else from line emission of Li. Sn and Li
are chosen because they are the most efficient emitters in the spectral region around 13.5 nm.
Xe is chosen because of its ease of handling and lack of contamination risk, even though its
spectrum peaks around 11 nm. The GDPP EUV source uses the Z-pinch principle to form a
discharge in either Xe or Sn. In this type of discharge a magnetic field is used to compress
a cold, low-density plasma into a sufficiently hot and high-density plasma. The discharge
requires 20 kA of current and a magnetic field of 20 T is used to produce a 2000 bar plasma
pressure. These sources presently can run at repetition rates in excess of 1 kHz and deliver
>40 W of useful power. Since it is better matched to the sought-after 13.5 nm wavelength, Sn
offers higher conversion efficiencies of pump power into light than does Xe.

LPP sources [32] offer some advantages regarding thermal management and compactness.
They consist of a Xe or Sn jet as a target that is pumped by, for instance, a 1200 W 10 kHz
Nd:YAG laser [10] providing a fluence of 1011–1012 W cm−2. Up to 10 W of useful 13.5 nm
light is expected to be achieved with these pump lasers. Whereas earlier sources involved
the irradiation of solid targets or atomic or cluster beams, the most recent devices use targets
composed of droplets or solid filaments formed by a liquid jet. Scaling of LPP sources to
commercially useful powers will require an order of magnitude increase in the pump laser
power. For both GDPP and LPP, the mitigation of debris from electrodes and targets is crucial
to producing a source with a lifetime in excess of 30 000 h, which corresponds to hundreds of
millions of shots.

2.6. X-ray lasers

Lasers that operate in the VUV and XUV regions [35], excluding the ArF and F2 excimer
lasers, are commonly called x-ray lasers. In this context an x-ray laser is a laser that operates
below 157 nm on the basis of a more or less conventional extension of the principles of IR,
visible and UV lasers. That is, an (ionized) atomic medium is pumped to produce a population
inversion, which leads to amplified stimulated emission. These lasers offer a high photon yield
and peak power but suffer from limited tunability. They are conventionally pumped either
by extremely powerful lasers (approaching 1 J/pulse) or electrical discharges with currents
approaching 100 kA in a pulsewidth of a few tens of nanoseconds to produce highly ionized
plasmas.
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The technical difficulties associated with short excited state lifetimes, high pump power
and low reflectivity of materials made realization of lasers in the XUV an imposing task.
Nevertheless, significant amplification in this regime was achieved in 1984, when Matthews
et al [36, 37] at λ ≈ 20 nm and Suckewer et al [38] at λ ≈ 18 nm, observed amplification
from the generation of population inversions in plasmas. However, the complexity, cost, size
and low repetition rates of these lasers still pose barriers to more common implementation.

One system pumped by an electrical discharge produced an average pulse energy of
0.88 mJ at 46.9 nm and a repetition rate of 4 Hz. The pulse width is around a nanosecond [39].
A 70 mJ, 40 fs, 10 Hz Ti:sapphire laser has been used to pump emission in the 30–50 nm range
by creating a plasma of Pd-like Xe [40]. Such systems may be able to reach pulse energies
of 1–10 µJ. Other pumping schemes involve the use of megalasers such as the petawatt lasers
found in the National Ignition Facility at Lawrence Livermore National Laboratory [41] and
the Vulcan program at the Rutherford Laboratory [42].

Zeitoun et al [43] have used light produced by high harmonic generation as a seed beam
for an x-ray laser. The seed beam is introduced into a plasma amplifier pumped by a 1 J, 30 fs
infrared pulse. The seed pulse is created with a 20 mJ, 30 fs infrared pulse.

2.7. High harmonic generation

Depending on ever-higher order terms in equation (1) to deliver progressively higher harmonics
of the fundamental radiation is a losing battle. Each successive χ(n) term is orders of magnitude
weaker than the previous term. This necessitates the use of progressively higher laser intensities
to achieve significant intensity in the succeeding harmonics. Eventually the laser intensity will
become so great that the perturbation theory based expansion of equation (1) is no longer valid.

A two-step, semiclassical model is most often used to describe high harmonic generation
(HHG) [44], though there are indications that a direct interaction between free electrons and
the optical field may make a contribution to the process as well [45]. As the laser fluence
approaches and exceeds 1013 W cm−2, the electric field of the optical field approaches the
strength of the Coulomb potential that holds the electrons in an atom or molecule and actually
suppresses this barrier during the first half cycle of the optical pulse. This regime is routinely
accessible with commercially available Ti:sapphire lasers. An electron tunnels out of the atom
and finds itself with zero kinetic energy. Most of the electrons simply detach from the ion
core, resulting in photoionization. During the second half cycle of the optical pulse in which
the electric field has then changed sign, some of the electrons will be accelerated back into the
ion core. The acceleration is quantized as energy can only be taken out of the optical field in
units of the photon energy of the fundamental radiation. When the electron recombines with
the ion core, the energy gained in this process is lost as radiation. For a spherically symmetric
medium such as an atom, symmetry constraints (parity conservation) demand that only odd
harmonics are generated. This restriction is relaxed in molecular media [46–49], though they
exhibit other characteristics (e.g. low ionization potential, extensive dissociation) that tend to
limit the conversion efficiency.

In an alternative fully quantal model, electrons are injected into the optical field by above
threshold ionization (ATI). They then interact with photons to form stationary Volkov states
and the HHG spectrum results from transitions between these states. The stationary nature
of the Volkov states, which can be regarded as the high optical field analogue of the bound
states of an atom, ensures that the total energy and momentum of the electron–photon system
are well defined and that the resulting HHG photons are produced at well-defined energies
corresponding to odd harmonics of the fundamental photon frequency.

Either of these coherent nonlinear processes makes possible the generation of photons with
energies exceeding 500 eV [50–53] with sub-femtosecond pulse widths (1 fs = 1 × 10−15 s).
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Figure 1. Schematic diagram of a typical optical/vacuum system used to implement HHG in surface
science studies.

The realm of attosecond (1 as = 1 × 10−18 s) physics is then broached [54–61]. The physics
of high harmonic generation has been the subject of recent reviews [45, 52].

An important feature of high harmonic light for use in applications is that the intensity of
the harmonics exhibits a plateau, such that the number of photons created in these harmonics is
roughly constant over a wide range of photon energy. For example, the intensity of harmonics
21–101 generated from a Ti:sapphire laser operating at 806 nm can vary by less than one order
of magnitude [62].

The principle of operation of this source is conceptionally simple, as shown in figure 1.
The output of the Ti:sapphire laser is focused into a gas, most commonly a rare gas, contained
in a cell, a capillary or a molecular beam. If the laser power density is of the order of
1014 W cm−2 (plus or minus one order of magnitude), harmonic generation ensues [63]. In the
plateau region, conversion efficiencies as high as 10−6 are routinely obtained [64]. This can be
improved upon with phase-matched harmonic generation [61, 65–68]. An efficiency of as high
as 10−5 in the 40–70 eV range was demonstrated by Murnane, Kapteyn and co-workers [65]
and this group [61, 66–69] along with those of Krausz and co-workers [51–53, 59, 70, 71] and
L’Huillier, Wahlström and co-workers [54, 60, 63, 72–75] have continued to push for higher
efficiencies and shorter wavelengths. Continuous tunability is afforded by tuning either the
fundamental or second harmonic (generated in a BBO crystal) of the Ti:sapphire laser itself.
The Ti:sapphire laser commonly operates at a repetition rate of 1 kHz.

In most configurations, the harmonics are dispersed by a monochrometer. The wavelength
resolution is not determined by the grating but by the laser pulse. This has the advantage
over a broadband source such as a synchrotron of minimizing the intensity loss due
to monochromatization since entrance and exit slits need not be used. However, the
monochrometer introduces significant group velocity dispersion, which stretches the pulses
temporally out of the attosecond and into the femtosecond or even picosecond regime.
Compression with a second grating, while feasible, would entail a prohibitive loss of photons.
An alternative, though expensive, scheme for separating the harmonics involves the use
of multilayer mirrors. These mirrors can be made to pass a single harmonic and do not
introduce pulse stretching [76]. The downside is that each harmonic requires a mirror designed
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Figure 2. Spectra of high harmonics produced by the interaction of 150 fs pulses from a Ti:sapphire
laser with (a) Ar and (b) Xe. The focusing and gas pressure conditions were chosen to enhance
intensity near the cutoff region for Ar whereas the flatness of the plateau region was optimized in
the Xe spectrum.

specifically for its wavelength and angle of incidence. Note further that the attosecond scale
structure within a pulse requires the bandwidth of a number of harmonics and that this structure
is lost in any scheme that spectrally resolves the harmonics [54–61, 77].

The highest harmonic order Nmax that can be reached in a nonphase-matched geometry is
given by

Nmax = Ip + 3.17Up

hν
, (2)

where hν = 1.55 eV is the photon energy of the laser fundamental (here taken to be a
Ti:sapphire laser operating at 800 nm) and Ip is the ionization potential of the gas. When
performed in a waveguide to limit plasma-induced laser beam defocusing, this cutoff can be
substantially extended [68]. Up is the ponderomotive energy, which denotes the energy that the
free electron can acquire in the laser field after the tunnelling process, and is given by [73]

Up = E2

4ω2
. (3)

In equation (3), E is the electric field amplitude (V cm−1) and ω is the laser frequency. The
spectrum of harmonics has the general shape shown in figure 2. The N = 3 and 5 peaks exhibit
relatively high conversion efficiency that can be described by perturbation theories. Round
about N = 7 or 9, the plateau region settles into a rather flat intensity distribution that extends
to Nmax.

Figure 2 also demonstrates two other important characteristics. For a given laser system,
the cutoff is determined by the ionization potential of the gas, whereas the intensity scales
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with the polarizability of the gas. Thus Xe exhibits the highest conversion efficiency but
lowest energy cutoff. Using He as the plasma gas leads to lower conversion efficiencies but a
significantly higher energy cutoff. The cutoff for Xe found in figure 2 is Nmax = 19 (∼29.5 eV),
while that for Ar is Nmax = 25 (∼41.9 eV). The flatness of the plateau depends on experimental
parameters such as the gas pressure and the focusing geometry. Intensities of ∼106–107

photons per pulse were produced in the plateau region, after the selection by the grating. With
a 1 kHz repetition rate this corresponds to ∼1010 photons s−1.

A typical system for the implementation of HHG in surface science, such as those used in
the groups of Kolasinski and Palmer [78–80], Heinzmann [76], Zacharias [81, 82], and Kapteyn
and Murnane [83], can be split in four sections: (i) the laser system, (ii) the interaction region
for HHG, (iii) the harmonics separation chamber, and (iv) the surface science UHV chamber,
as shown in figure 1.

The most common laser system for producing the fundamental radiation is a mode-locked
Ti:sapphire laser delivering several mJ pulses into ∼100 fs or shorter pulses at ∼800 nm.
Significant advantages in boosting conversion efficiency can be had by reducing pulse widths
to 30 fs or less and by using a long confocal parameter focusing geometry. The restriction of
a long confocal parameter essentially means that it is much more favourable to push the laser
fluence to the required 1014 W cm−2 by using higher pulse energy and shorter pulses rather
than focusing more tightly. Fluences much above 1015 W cm−2 are counterproductive because
ionization becomes too facile and coherence is not easily maintained over a wide range of
photon energies in the highly ionized plasma. In this case, HHG only occurs on the rising edge
of the pump pulse before the maximum intensity is reached unless the pulse is kept significantly
shorter than 100 fs. Short pulses are also essential for extending the energy range of HHG.
Emission at the 297th harmonic (2.7 nm) has been observed [50] and it has been shown [51, 71]
that sub-10 fs pulses are critical to the generation of light in the water window (2.3–4.4 nm), a
region of great interest for the probing of biological tissues.

The interaction region poses the following conundrum:

(i) we are attempting to confine a high pressure gas (several to several hundred mbar)
exclusively to a pathlength corresponding to the coherence length of the optical interaction
(essentially the several centimetres of the confocal parameter or length of the capillary),

(ii) while an entrance window is possible, the exit side must be able to withstand a pressure
gradient, high power IR irradiation and pass the wavelengths of interest,

(iii) the pressure must drop rapidly outside of the interaction region and in the wavelength
separation chamber so as to avoid reabsorption, and

(iv) we have to get rid of the vast majority of the fundamental IR light.

The use of molecular beams and capillaries can reduce the pumping requirements substantially.
A pinhole aperture or thin (∼100 nm) Al window can be used to separate the interaction region
from the harmonics separation chamber. The filter allows for a usable photon energy range
of 14–72 eV with a nearly constant transmittance of 80% [84]. Alternatively, a beamsplitter
composed of Si or SiC plates and set at the Brewster angle can be used [85]. The reflectivity
is a function of wavelength but has been shown to be 56% at 29.6 nm. Sufficient baffling is
required to suppress scattered IR.

The harmonics are separated in a differentially pumped chamber containing either a
toroidal grating or multilayer mirrors. The design specifications of the separation element
determine the throughput and spectral range that can be addressed and there is generally a
trade off between the breadth of the spectral range that can be covered and the transmission
loss. The separation element is also chosen to be a focusing optic so that the harmonics are
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separated and focused with a minimum of surface interactions and loss. Because of the wide
range of photon energies, astigmatism can be a serious problem.

3. Applications of high harmonic generation to surface science

As a result of the short penetration depth of VUV and XUV light, an HHG source can be used
to probe the optical and electronic properties of thin films. Several studies have been performed
along these lines and are reviewed here, whereas those involving photochemistry are dealt with
in the next section.

Riedel et al [78] probed the fluorescence decay of sodium salicylate (C7H5NaO3) and
the polymer poly(ethylene)terephthalate (PET, (C10H8O4)n). The former is conventionally
used as a scintillator. The latter is a polymer studied in electroluminescence for potential
use as an OLED (organic light emitting diode) [86]. Both emit strong luminescence, after
excitation, from the first excited singlet state at 3.04 eV (∼410 nm) and 3.6 eV (∼344 nm)

for sodium salicylate and PET, respectively. Sodium salicylate exhibits a simple exponential
decay corresponding to a lifetime of t1 = 8.8 ± 0.4 ns. The PET fluorescence decay is not
composed of a single component and has been fitted by a combination of an exponential decay
and a second nonlinear term describing a local density induced quenching (LDI quenching)
process. LDI has previously been observed for NaI and CsI [87] when irradiated with heavy
charged particles, and exhibits this type of non-exponential decay behaviour. In fact, the first
part of the PET fluorescence decay for the short times (t < 15 ns) is linear and corresponds
to the classical exponential decay of the first singlet excited state (t2 = 16.2 ns ± 0.6 ns). The
second part is characteristic of a delayed fluorescence due to nonlinear effects linked with the
intensity applied to the polymer film. These phenomena can occur when the density of electrons
in the conduction band is high enough to produce dipole–dipole interactions with localized
excitons. Thus HHG generated XUV light can be used to engender a nonlinear phenomenon in
the photoluminescent polymer PET.

The first application of HHG to surface science was the pioneering photoemission work of
Haight and co-workers [88–93]. They investigated electron dynamics at the Ge(111):As surface
as well as high resolution core level spectroscopy of GaAs(110), Pb and an In2I6 thin film. A
normally unoccupied surface state on Ge(111):As was observed at 0.43±0.04 eV above the Ge
valence band maximum. This state is populated by photoexcited hot electrons, which relax by
exchanging energy with lattice phonons over the first few tens of picoseconds. These electrons
cool but mainly remain in the normally unoccupied state, which exhibits a radiative lifetime of
the order of 200–500 ps.

Zacharias and co-workers used HHG to produce radiation in the range 11–60 eV to
investigate polarization and angle resolved photoemission [84, 94, 95]. They investigated clean
and c(4 × 2)-2CO-covered Pt(111) surfaces. They observed a previously unreported resonance
in the CO photoemission spectrum that was attributed to electrons from the occupied 3σ level
excited into the unoccupied 2π level followed by the autoionization of the 1π CO state or Auger
decay. In the normal emission spectra of Pt(111), three peaks associated with Pt surface states
at fixed kinetic energies of 10, 12.5 and 19 eV were observed. These normally unoccupied
states were populated by inelastic scattering of the primary photoexcited electrons.

Heinzmann and co-workers have also investigated electron dynamics at surfaces with
the use of HHG. They performed pump–probe measurements of the hot electron distribution
created by a femtosecond pulse at 1.5 eV incident on Pt(110)-(1 × 2). The hot electrons
were probed by an HHG pulse at 70 eV with a pulsewidth of ∼70 fs, which allowed them
to follow the relaxation of electrons excited above the Fermi energy (EF). In accord with
previous measurements [96], electrons with an energy of ∼1.5 eV above EF have a lifetime
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near 10 fs. They have also examined charge carrier dynamics on semiconductor surfaces [97]
by measuring the kinetic-energy shifts of Ga 3d core level photoelectrons after excitation with
3.1 eV femtosecond laser pulses. Carrier transport from the bulk to the surface was observed to
occur within 500 fs after photoexcitation, while relaxation of the excited state populated in this
way evolves on a timescale of a few tens of picoseconds. Drescher et al [98, 99] then proceeded
to determine directly in the time domain with attosecond resolution the relaxation dynamics of
core-excited atoms. They measured a lifetime of 7.9+1.0

−0.9 fs for M shell (3d orbital) vacancies of
Kr using pump–probe techniques.

Shimizu et al [100] measured the temperature-dependent decay dynamics of innershell
holes in CsBr with the aid of HHG. Lifetimes as short as 1.5 ps at 340 K were measured.

Murnane and co-workers have used photoemission induced by photons at the 27th HHG
harmonic (42 eV) to monitor the changes that occur when O2 chemisorbed on Pt(111) is excited
by an 800 nm, 22 fs pulse [16, 17]. A low IR fluence of 1 mJ cm−2 was used to avoid
photodesorption while exciting ∼6% of the surface electrons. The electron distribution is found
to thermalize within <250 fs. A transient change in the O2 1π∗

g level occurs, which exhibits an
onset time of 550±140 fs but which decays in ∼5 ps. The occupation of this level is indicative
of a transformation of chemisorbed O2 from the superoxo (O−

2 ) to the peroxo (O2−
2 ) species.

The transient change in the O2 photoelectron spectrum is, therefore, likely due to the transient
formation of a peroxo species.

4. Surface photochemistry in the VUV

Surface photochemical processes are general divided into two classes:

(i) direct photoexcitation of the adsorbate; with characteristics modified from those observed
in the gas phase due to selective quenching of excited adsorbate states and to the post-
dissociation interaction between the photochemical reaction products and the substrate;
and

(ii) substrate mediated processes, which can be driven either by hot electrons (with energies
above EF but below the vacuum level EV) or photoelectrons (in which the photoelectron
flux induces electron-stimulated reactions analogous to those observed in electron
scattering processes).

Hence, electron stimulated desorption (ESD) and photon stimulated desorption (PSD) can share
common mechanistic elements. The commonalities shared in the chemistry induced by ionizing
radiation has, of course, been recognized in other environments and is of great importance in the
electron initiated chemistry of water and aqueous systems [101]. The presence of the substrate
can also lead to a completely new channel that combines elements of both [102], in which
electron attachment to a resonantly pumped, photoexcited molecular state occurs. This process
has no gas or bulk condensed phase analogue. However, it is precisely the VUV region of the
spectrum in which excited electronic states of the adsorbate are accessible by direct, resonant
photon absorption.

While most of the attention is heaped on the electrons, it is important to remember that hot
holes can also be responsible for driving surface photochemistry. For instance, Kolasinski [103]
has shown that photoexcitation of a hydrogen-terminated silicon surface in an aqueous fluoride
solution leads to an increase by over ten orders of magnitude in the sticking coefficient of F−.
This is the first step in the etching of the Si; hence, the rate of etching is increased by the same
amount.

Desorption induced by electronic transitions (DIET) at energies corresponding to the
VUV and XUV in the system of hydrogen adsorbed on silicon—whether induced by photons,
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electrons or a scanning probe tip—has recently been reviewed by Kolasinski [104] and will
not be reviewed here. This system exhibits DIET via a low-lying electronic state that can
be excited with electrons from the tip of a scanning tunnelling microscope (STM). Recent
experiments have demonstrated a correspondence to photodesorption because excitation of the
same electronic state with photons from a F2 laser can also lead to stimulated desorption. The
F2 laser, which operates at 7.9 eV (157 nm), will become increasingly commonly used. Much
more will be done at this wavelength, not only because of the improvement in commercial
lasers but also because this wavelength is being considered for commercial photolithographic
applications.

In the next two sections, the VUV photochemistry of two very different molecular systems
is reviewed. These two systems both exhibit very weak interactions with the graphite substrate;
therefore, strong perturbations of the molecular response to VUV light should not be induced.
The two systems exhibit very different lateral (adsorbate–adsorbate) interactions. In the case of
water, hydrogen bonding is much stronger than the water–graphite interaction. It is also much
stronger than the magnetic interactions that are responsible for the ordering of O2/graphite
multilayers. The resulting structures of the films also differ significantly. In figure 3, a
hydrogen-bonded ice unit as well as the 4 ML O2 structure are depicted. The ice structure
attempts to maximize hydrogen bonding by pointing H atoms at neighbouring O atoms. In the
O2 structure, the molecules are aligned parallel to the surface normal.

4.1. H2O

The chemistry induced by electronic excitation of water ices at energies corresponding to the
vacuum ultraviolet (VUV) region is of particular interest in an astrochemical [3, 4, 105–117]
as well as an atmospheric [118, 119] setting. The interaction of UV and VUV light with ice-
covered dust grains is a potential source of many complex molecules that are observed in the
interstellar medium [109]. Photochemistry and photodesorption are both important processes
since photochemistry may lead to the production of new chemical species on the dust grains
and photodesorption provides a pathway to expel these species into the interstellar gas phase,
even though the surface temperature may well be below 10 K.

Baggott et al [120] performed surface photochemistry experiments on amorphous
H2O/D2O ice adsorbed on highly oriented pyrolytic graphite (HOPG) at 80 K using a high
intensity VUV helium lamp (VSI model UVS 300), which could deliver up to 2×1013 photons
cm−2 s−1 with 21.21 eV (He I) and 40.82 eV (He II). Desorbed positive ions were detected
during 500 s irradiation with a pulse counting quadrupole mass spectrometer (QMS) placed
normal to the surface. Multiplexed mass spectra were recorded such that several masses could
be simultaneously monitored.

D+ and D3O+ (figure 4) are the predominant desorption products from a D2O ice layer,
whereas H+ and H3O+ are the primary products from H2O ice on graphite. While this may
seem obvious, interesting observations include that the ratios of the desorption intensities for
these pairs of ions depends on the photon energy, the coverage and the isotopomers excited.
The molecular ions are only observed for 41 eV excitation, their relative rate of desorption is
highest at low coverage and whereas more H+ is formed than H3O+, more D3O+ is formed
compared to D+. Furthermore, no D2O+ is formed nor is the desorption of OD+, O+

2 , DO+
2 or

D2O+
2 observed. The latter species would all be expected if photodissociation fragments were

building up on the surface.
The water/graphite interaction is very weak and the binding energy of water is dominated

by hydrogen bonding within the adsorbed layer. Therefore any perturbation of the water
photochemistry is not related to the formation of covalent bonds with the surface. In
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n > 6

Figure 3. Depictions of the structures formed (a) when six or more water molecules cluster into
cage-like structures and (b) when 4 ML of O2 are dosed onto graphite at 20 K and align along the
surface normal.

(This figure is in colour only in the electronic version)

small gas-phase clusters of H2O, the low-lying electronic excitations are well localized on
individual water molecules; nonetheless, the presence of hydrogen bonding appears to affect
the photodissociation dynamics [121]. The influence of adsorption on a metal surface upon
water ESD has been studied by Noell et al [122] who performed detailed studies of the yield
and kinetic energy distribution of H+ desorbed from H2O adsorbed on Ni(111). The threshold
for H+ desorption was found at an incident energy of 20–21 eV. This is significantly above the
gas-phase threshold for dissociative photoionization (DPI) of 18.76 eV, where a significant H+
yield is observed. In this study, as well as earlier ESD [123] and photon stimulated desorption
(PSD) [124] studies, Stulen and co-workers determined that H+ was the majority cationic
species being desorbed. This is consistent with a number of other DIET studies of adsorbed
H2O, both for ESD [125–127] and PSD [128, 129].

Orlando and co-workers have carried out extensive studies of desorption and chemistry
induced by 5–250 eV electrons on water films adsorbed on Pt(111) [118, 119]. These studies
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Figure 4. The mass spectrum of ions photodesorbed from a graphite surface which has been exposed
to 6 L of D2O at Ts = 80 K followed by irradiation with 40.82 eV photons.

are reviewed elsewhere. They observed two thresholds for D+ desorption from adsorbed
D2O near 22–24 and ∼40 eV. The TOF distribution is at least bimodal, indicating multiple
desorption channels. Two-hole, one-electron states are thought to be primarily responsible for
excitations that lead to D+ desorption. Photodissociation of H2O and photodesorption of H
atoms occurs at much lower photon energies. The photochemistry of thin water layers on Pd
surfaces has been extensively studied by Hasselbrink and co-workers [130–132]. Yabushita
et al [133] have measured the kinetic energy distributions of H atoms produced by 193 nm
irradiation of thick H2O films. They observed a distribution consisting of fast (0.39 eV) and
thermalized (120 K, 0.02 eV) components.

Water is thought to form a mixture of 2D and 3D clusters on a graphite surface [134].
Because of the weak interaction with the surface, adsorbed water clusters probably have
structures close to those found in the gas phase [135–138] consistent with recent calculations
by Cabrera Sanfelix et al [139] and Lin et al [140]. The structure and dynamics of
protonated [141–144] and anionic [144] water clusters has been the subject of much recent
interest. Small gas-phase water clusters (n < 7) form 2D ring structures. Larger clusters
form 3D cubic structures; however, numerous isomers have similar energies. Small 2D water
clusters such as those known in the gas phase have a co-ordination number of just two. Surface
water molecules in the perfect bulk structure have a co-ordination number of three and some
expose free OD bonds that point along the surface normal [145]. As the coverage increases the
proportion of 3D clusters increases and the average co-ordination number of water increases
towards its bulk value of ∼4. Thus, as the coverage increases, there is an increase in the mean
co-ordination number.

In the gas phase, excitation at both 21 and 41 eV leads to dissociative photoionization,
which results in D+ production. The nascent photochemically produced D+ can

(i) leave the adsorbed cluster directly if it is produced on a free OD bond;

(ii) scatter off of a neighbouring D2O to which it is hydrogen bonded and then leave the
surface after an inelastic collision;

(iii) scatter off a neighbouring D2O, recombine with it and leave as D3O+; or

(iv) scatter off a neighbour and be retained by the cluster.
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Process (iii) is a type of surface aligned photochemistry [146]. Reactions similar to the
ion–molecule reaction that leads to the creation of D3O+ have been observed for photon or
electron-driven dissociation at surfaces for several other neutral–neutral [147–154] and ion–
molecule [118, 119, 155–157] systems. The kinetic energy of photochemically produced H
atoms and probability for it to undergo these types of processes has recently been treated
theoretically for much lower excitation energies [158].

The threshold D+ kinetic energy required to rip the desorbing D3O+ from the surface
is provided by the kinetic energy of the photochemically produced D+. This energy when
zero, one, two, three or four hydrogen bonds are broken is estimated to be 6.6, 9.4, 12.1, 14.9
and 17.6 eV, respectively. Consequentially, desorbed D3O+ is most likely to be formed from
D2O that is adsorbed in low co-ordination sites. In extended ice films (>50 ML thick) the
formation of H+(H2O)n cluster ions is also very sensitive to the film structure, the extent of
hydrogen bonding and the presence of defects [118, 119]. Cluster formation from extended
films predominantly appears at a threshold energy of 70 eV and is thought to be initiated by
the localization of a two-hole state and Coulomb repulsion between the molecular ion and the
second hole.

The H+ kinetic energy distributions measured by Noell et al [122] in ESD from H2O films
at an incident energy of 45 eV extends beyond 10 eV. At 21 eV incident energy, however,
the desorbed H+ has a distribution that is substantially less energetic, peaking below 1 eV.
Assuming that the same excited states are involved in ESD and PSD, the kinetic energy
distributions measured by Noell et al should be similar to those that pertain to the experiment
of Baggott et al and explains why no D3O+ is produced at 21 eV excitation. The liberated D+
simply does not have sufficient energy to form and then dislodge D3O+ from the surface (even
in the absence of hydrogen bonding). For 41 eV excitation, a substantial fraction of the D+
does have sufficient energy to form and dislodge D3O+ from low co-ordination sites. However,
since the mean co-ordination number increases with increasing coverage, the relative D3O+
yield drops with increasing coverage. This momentum transfer model of D3O+ production is
supported further by considering that the H+:H3O+ signal ratio is >1, whereas the D+:D3O+
signal ratio is <1. Since H+ is lighter than D+, it must have significantly more initial kinetic
energy to impart enough momentum to form and dislodge H3O+ from the surface.

Using a simple statistical argument based on the relative coverages of free and hydrogen-
bonded OD moieties, if hydrogen-bonded and free O–D bonds undergo DPI with equal
probability, the D+:D3O+ desorption ratio should not be less than 1:1 at low coverage and
should decrease with increasing coverage. Neither of these predictions is corroborated by the
data. To explain why the D3O+ signal exceeds the D+ signal and why the D+:D3O+ ratio
changes as it does with increasing coverage, Baggott et al speculated that there is a propensity
for the hydrogen-bonded O–D to break preferentially over the free O–D bond. The barrier into
the more exothermic D3O+ + OD channel is lower than the barrier into the less exothermic
D+ + OD channel, which leads to preferential photodissociation of the hydrogen-bonded O–D
bond compared to the free O–D bonds.

4.2. O2

The dynamics of the electronic states of the free O2 molecule are well known from gas-phase
studies [159–162] and comparisons with the adsorbed phase lead to insights into the effects of
adsorption on electronic structure and dynamics. It is also of interest to compare the VUV
photochemistry of physisorbed O2 to that of chemisorbed O2, such as O2 chemisorbed on
Si(111)-(7×7) [13]. Previous synchrotron-based studies [102, 163–165] of physisorbed O2 on
graphite have revealed interesting dynamics that appear to be operative only at higher photon
energies.
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Figure 5. Time-of flight spectrum recorded for O+ photodesorbed from a 4 ML physisorbed layer
of O2/graphite for VUV light produced by HHG for photon energies below (23.25 eV) and above
(32.55 eV) the threshold for a rapidly increasing photodesorption cross section.

Riedel et al [15] used HHG generated light (10–38 eV, harmonics 7–23), to induce
photodesorption of O+ from the dissociative photoionization of O2/graphite. The physisorbed
O2 assumes the 4 ML structure depicted in figure 3(b). The pulsed nature of the HHG source
was used to facilitate time-of-flight (TOF) measurements of the desorbed O+ kinetic energy.

O+ was the only species observed to desorb. It exhibits a threshold at a photon energy
of ∼17 eV. The cross section for desorption increases substantially above 29 eV. As shown
in figure 5, the kinetic energy distribution of desorbed O+ changes substantially above and
below the 29 eV threshold. The increased desorption threshold corresponds to the opening of
channels that release high kinetic energy O+ from the surface. Comparison to the kinetic energy
distributions observed in the gas phase reveals that the high-energy side of the distributions is
little changed between the adsorbed phase and the gas phase. The low energy side, however, is
drastically transformed by adsorption. In the gas phase, the predominant pathway for DPI leads
to low energy O+ for both 21 and 41 eV irradiation. This channel is shut down in the DPI of
physisorbed O2. Whereas the excitation step appears to be little influenced by the presence of
the substrate and neighbouring O2 molecules, the departure dynamics are significantly different
when comparing gas-phase DPI and adsorbed-phase DPI. In the adsorbed phase, the departing
O+, even though it points along the surface normal, must overcome the image potential it
experiences due to the surface. Zero kinetic energy and slow O+ ions will be captured by the
image potential and cannot desorb. On the basis of energetics and the similarity of the DPI
kinetic energy distributions, the photodesorption of O+ is assigned to a direct rather than a
substrate mediated process.

The VUV photochemistry of O2 adsorbed on a polycrystalline Pt [166] or Si surface [13]
was investigated by Dujardin et al. Both O+ and O− were observed to desorb from multilayers
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of O2 physisorbed on Pt for irradiation with �17 eV photons, with a strong increase above
32 eV. O+

2 and O−
2 were also observed but with much lower probabilities. The interaction

of photoelectrons with adsorbed O2 was shown to be responsible for dissociative desorption.
Resonant structure in the desorption yield was ascribed to photoionization of adsorbed O2,
which produced photoelectrons that go on to interact with neighbouring O2 molecules. The
molecular ions result from post-dissociation interaction of O+ or O− with neighbouring
molecules. Note that for this system, no alignment of the O2 along the surface normal has
been observed and, therefore, geometric consideration leads to enhanced post-dissociation
interactions compared to the O2/graphite system.

On Si(111)-(7 × 7), O2 chemisorbs with its molecular axis parallel to the surface.
Synchrotron radiation of 10–150 eV was used to study the desorption of O+ from these
layers [13]. A threshold energy for desorption of O+ is found at 33 eV, significantly higher
than in the physisorbed systems, and was assigned to the direct excitation of the 2σg electron
of chemisorbed O2. A second threshold at 100 eV along with resonances in the O+ desorption
yield were observed at 108 and 115 eV. The 100 eV threshold corresponds to a Si(2p) excitation.
The 108 eV resonance corresponds to the interaction of the Si(2p) photoelectron with the
O2(3σu) level located 8 eV above EF. The second resonance may correspond to a multiple
electron excitation and the assignment remains unclear. The kinetic energy distribution of O+
desorbed by 46 eV photons exhibits one broad peak at 2.5 eV rather than the two peaks at 1
and 2.1 eV observed from O2/graphite. For photodesorption at 108 eV on O2/Si, a second high
energy peak at 9 eV is observed.

5. Concluding remarks

The VUV and XUV are extremely rich regions of the electromagnetic spectrum in which to
study surface photochemistry and electron dynamics. Surface photochemistry and electron
dynamics are linked both by the relaxations of excited electronic states and by the importance
of electron/adsorbate scattering in photochemistry. There have been great advances in the past
two decades in the sources of photons in these spectral regions and these advances have brought
us incredibly powerful probes of dynamical phenomena with unprecedented abilities to study
temporally resolved behaviour with high energy resolution. More importantly, these sources
also now deliver useful quantities of photons. The progress of high harmonic generation has
been particularly impressive as it has evolved from a curiosity in high field physics, to a tabletop
light source that can routinely deliver intense VUV and XUV light.

Several examples of the utilization of HHG in surface experiments pertaining to
photoemission, photoluminescence and photochemistry have been reviewed and demonstrate
that this technique is a highly useful source of photons for the study of dynamics. The VUV
and XUX photochemistry of two very different molecular systems, which interact weakly with
a graphite substrate but which exhibit either strong hydrogen bonding (H2O) or weak magnetic
interactions (O2), has been discussed. The lateral interactions lead to very different adsorbate
layer structures and the products of the photochemical reactions reflect these differences.

In water clusters, dissociative photoionization leads to the direct desorption of H+ as
well as the formation and desorption of H3O+ via an ion–molecule reaction. The strong
lateral interactions in water clusters lead to significant differences between the photochemistry
of isolated water and condensed water. Whereas high kinetic energy H+ can be formed in
either case, obviously, the formation H3O+ can only occur when the dissociating molecule
has an immediate neighbour. More importantly, it appears that the hydrogen bonding present
in the cluster leads to preferential breakage of a hydrogen-bonded O–H compared to a free
O–H bond.
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Dissociative photoionization in multilayer O2 films, in which the molecular axis is pointed
along the surface normal, leads exclusively to the formation of O+. In this case, the dissociative
ionization process is little perturbed by the presence of neighbouring O2 molecules and the
proximity of the graphite substrate. One significant difference, however, is noted. In the gas
phase, the predominant pathways lead to a maximum probability of forming O+ at near zero
kinetic energy. In surface dissociative photoionization, these pathways are not able to result in
photodesorption because the image potential of the ion leads to trapping before desorption. The
photodesorption probability, therefore, is biased toward high kinetic energy channels. When the
molecular axis is directed away from the surface normal as in O2 physisorbed on Pt, then the
molecular ions O+

2 and O−
2 were also observed due to interactions that occur after the initial

dissociation event.
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