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Tunable pulsed vacuum ultraviolet light source for surface science
and materials spectroscopy based on high order harmonic generation
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We report here the development of a tunable vacuum ultraviolet light source, providing
subpicosecond pulses over the wavelength range from 114~;11 eV! to 32 nm~;39 eV!, designed
for surface science experiments. The source is based on high order harmonic generation. The
experimental setup is described in detail and the harmonic yield as a function of the gas type~xenon
or argon! is compared with theoretical descriptions. We address in particular the tunability of the
source, desirable for surface science applications. Absolute characterization of the harmonic yield
has also been performed and validated with time-resolved fluorescence measurements. The results
are extremely promising, with intensities of;1010photons/s, with regard to the use of this coherent
source for surface science and spectroscopy. ©2001 American Institute of Physics.
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I. INTRODUCTION

Progress in the field of surface science has often ar
from the development of novel experimental tools. For e
ample, the interaction between surfaces and electromag
radiation in the vacuum ultraviolet~VUV ! range is now
mainly performed at synchrotron facilities. However, wh
offering outstanding flux and brilliance, these sources
not, in general, on site and especially do not provide sub
cosecond pulses. One exciting area of surface science
would benefit especially from the availability of tunab
VUV radiation in the laboratory is surface photochemistr1

Many molecules absorb light strongly between 6 and 40
Moreover, in this energy window, where the photon ene
exceeds the work function of the substrate, the generatio
photoelectrons can drive completely new channels
photodissociation.2

The natural question that emerges is whether a com
~tabletop! and tunable VUV source, with enough photon flu
to be used in surface science studies, can be built. The
rent state of the art in tabletop optical technology offers
three main options3 by which to generate VUV wavelengths
~i! plasma-based sources,~ii ! VUV/xuv ~extreme ultraviolet!
~x ray to ultraviolet! lasers, and~iii ! high order harmonic
generation.

Plasma-based sources offer the promise of a high y
of photons; however as they are, of course, based on
recombination lines of the laser-produced plasma~together
with a broad blackbody background!, the availability of dif-

a!Electronic mail: damien@nprl.ph.bham.ac.uk
1970034-6748/2001/72(4)/1977/7/$18.00
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ferent wavelengths is limited. Careful optimization of a num
ber of parameters would be needed. Additionally, for tho
applications in which coherent radiation is needed this ty
of source is not an option. Note that plasma sources o
good qualities for 13 nm lithography.4

VUV and XUV lasers also offer a high photon yield an
very high peak power.5,6 Usually these systems have bett
performances for wavelengths,30 nm and have limited tun
ability. But the main drawback of this kind of system as
light source for surface science is its very low repetition r
of only a few shots per hour.

A source based on high order harmonic generat
~HHG! will generate wavelengths corresponding to the o
harmonics of the pump beam.7,8 A monochromator can selec
particular harmonics, and the wavelength of the pump la
can also be tuned. A remarkable characteristic of high or
harmonic generation is that most of the harmonics are p
duced with very similar intensities and subpicosecond pu
width.9–12 Although the efficiency of the HHG process
relatively weak~typically 1025– 1028), the latest laser tech
nology suggests it should be feasible to obtain sufficient fl
~photons! per pulse to use this kind of device as a coher
light source for experiments in atomic, molecular, and so
state physics. Indeed, several applications of HHG have n
developed from the groups whose main research lies in l
physics and VUV source characterization. These inclu
time-resolved spectroscopy of gas phase species and ele
density measurement in solids.13,14

In this article, we describe the development of a tuna
VUV source ~10–40 eV! for surface science and spectro
copy based on HHG. The semiclassical model of HHG
7 © 2001 American Institute of Physics
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FIG. 1. Schematic of the VUV light source. The com
mercial femtosecond~A! laser system generates a puls
train ~2.7 mJ, 800 nm, 120 fs with a repetition rate of
kHz! that gives intensities ofI;1.631014 W cm22 af-
ter focusing. The interaction of this very high pea
power IR beam with a gas jet yields photons with e
ergies from 10 to 40 eV which are selected via th
monochromator~B!. A differential pumping chamber
and an UHV sample analysis chamber~C! are located
in the axis of the monochromator in order to irradia
the surface system with VUV photons.
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reviewed in Sec. II. In Sec. III we describe the setup of o
source. The way in which the design criteria were influenc
by the application is discussed. In Sec. IV, we summarize
source performance for the two rare gases~Ar and Xe! we
have used to produce harmonics. In Sec. V we describe
method we have employed to measure the absolute V
photon yield while in Sec. VI we demonstrate a first app
cation of the source in spectroscopy, specifically with
time-resolved fluorescence decay of polyethylene tereph
late ~PET! and sodium salicylate, the scintillators we ha
used to measure the harmonic yield.

II. HIGH ORDER HARMONIC GENERATION: REVIEW
OF THEORY

The very high peak power applied in the process of h
harmonic generation, typically in a rare gas flow, induc
multiphoton ionization~MPI! as well as tunnel ionization
~TI!.15 The ratio between the two processes is often
scribed by the Keldyshg parameter16 where a competition
between MPI and TI occurs as the wavelength and the in
sity ~and therefore the pulse duration! varies. In our experi-
mental conditions, the highest harmonic orderNmax that can
be reached is described by

Nmax5
I p13.17Up

hv
, ~1!

where hv51.55 eV is the fundamental photon energy a
Up represents the ponderomotive energy, the energy tha
free electron can acquire in the laser field after tunneli
The coefficient 3.17 in Eq.~1! arises from theoretica
approximation.17 Up is described by

Up5
E2

4v2 . ~2!

HereE is the electric field amplitude~V cm21! andv is the
fundamental laser frequency. The harmonic yield, for low
orders (N53 and 5! is relatively high and can be describe
by perturbation theory.18 The intensities of the higher orde
harmonics follow an approximately constant conversion
Downloaded 26 Jul 2013 to 204.235.148.97. This article is copyrighted as indicated in the abstract.
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ficiency ~the ‘‘plateau’’ regime! that cannot be explained b
this theoretical approach. Furthermore, it appears that
experimental cut-off energy of the plateau is often better
ted by using a lower coefficient for theUp term.19,20 The
intensity of the harmonics increases when the TI proces
enhanced. This occurs for low frequency and high intensi
whereg5AI p/2Up is below 1, and leads to coherent hig
harmonic emission in the case of a single atom.16

III. EXPERIMENTAL DESCRIPTION OF THE SOURCE

Figure 1 shows a schematic of the light source. For p
poses of explanation, the source can be divided into th
sections:~i! the laser system~A!, ~ii ! the HHG and mono-
chromator chambers~B!, and ~iii ! the ultrahigh vacuum
~UHV! surface science chamber~C!.

~i! The lasers we use to drive the high harmonics p
cess are commercially available systems~Spectra Physics!. A
continuous wave~cw! argon ion laser~Beamlok 2060! laser
pumps a Ti:sapphire laser~Tsunami, pulse duration of 100
fs, repetition rate of 82 MHz! with a 6 W multiline beam.
The mode-locked Ti:sapphire laser seeds a regenerative
plifier ~Super Spitfire! delivering 600 mW at around 800 nm
A laser spectrum analyzer~Rees! monitors the spectral puls
shape@full width at half maximum~FWHM! ;9 nm#. A
fourth laser, a Nd:YLF laser~Super Merlin!, intracavity laser
doubled by a LBO~Lithiumtriborate! crystal, delivers 25 W
at 527 nm and a 1 kHz repetition rate. TheQ-switched cavity
yields 250 ns pulse duration with horizontal polarizatio
This beam pumps the two Ti:sapphire rods of the Sup
Spitfire system. The regenerative amplifier is a chirped pu
amplifier ~CPA! composed of a 250 ps stretcher, a multipa
regenerative amplifier, and a two-stage rod amplifier f
lowed by a compressor. This versatile system delivers a la
beam of 2.7 mJ at 800 nm with a pulse duration of;120 fs.

~ii ! The 800 nm near-infrared beam is sent to a conv
quartz lens (f 550 cm) to be focused into a 500mm diam
hole through a hollow stainless steel tube, through wh
rare gas flows at variable pressure. The gas is recycled v
reservoir. The gas line can be fed either with xenon or arg
 Reuse of AIP content is subject to the terms at: http://rsi.aip.org/about/rights_and_permissions
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The vacuum chamber housing this unit is mechanica
pumped (p;1023 mbar) and separated from the vacuu
monochromator chamber by a 500mm diam pinhole. The
tube in which the gas flows is mounted on aX–Y translation
stage, so that interaction area between the beam and th
can be adjusted to manage phase matching and thus op
zation of the harmonic generation process. In our experim
tal conditions, the 1/e beam diameter before the lens
2ws50.7 cm. Therefore the beam waist at the focal poin
w05( f l/pws) TDL ~where TDL is the so-called time dif
fraction limit!. The laser beam operates at 1.5 TDL, th
giving a beam waist of 2w0;110mm and a confocal param
eterb;2.3 cm at the focal point. This means an intensity
I p51.631014W cm22. The fundamental beam and the ha
monics propagate, after emission from the tube, in the s
direction towards the grating of the monochromator. T
grating we use is a platinum coated~400 Å! spherical con-
cave silica grating (R;3 m) with a density of 1000 grooves
mm. The zero order incidence direction is 71° while the gr
ing holder is able to rotate67° around this position. This
design allows us to select wavelengths from zero order do
to 110 nm and therefore to observe harmonics from the s
enth~H7! out to the cutoff. Because of the spherical shape
the grating the beam has some astigmatism. The tange
focal surface is situated on the external vertical slitS2 plane
of the monochromator, while the entrance slitS1 corresponds
to the plane where the fundamental beam is focused into
gas. The length of the entrance arm of the monochrom
can be varied in order to adjust the energy density applie
the sample;50 cm away from the exit slit and localized i
a third UHV chamber. Nevertheless, we are limited by
divergence of the fundamental beam, which is directly link
by the focal length of the lens we use to focus it into the g
Actually we have chosen to work with a 1 m armlength to
simplify characterization of the harmonic yield observed.
nally, because the grating is not a variable step grating,
position of the tangential focal plane varies according to
harmonic wavelength selected by about610 cm on either
side of the exit slit plane.

~iii ! The UHV surface science chamber contains
sample holder fixed to a cold finger that allows samples te
perature from 27 to 1300 K to be reached. The cryoge
temperatures allow physisorbed systems~e.g., O2/graphite!
to be investigated as well as chemisorbed systems@e.g., mol-
ecules adsorbed on Si~100!-~231! or Si~111!-~737!#. A dif-
ferential pumping system, with a 600 l s21 turbopump and
two horizontal pinholes, connects the monochromatorP
;1027 mbar) to this UHV sample chamber (P
;10210mbar). This intermediate chamber is also equipp
with a three-axis translation stage, which holds a retracta
mirror to allow off-axis detection of the harmonic yield. Th
UHV sample analysis chamber is divided into two parts:
lower chamber is equipped with a spectrometer for h
resolution electron loss spectroscopy~HREELS! ~LK2000!,
a pulse-counting quadrupole mass spectrometer~Hiden!, and
a port allowing entry of the high harmonic beam. The upp
chamber has a gas line with a leak valve system for
dosing, a low energy electron diffraction~LEED! system for
surface characterization, and a sample transfer system
Downloaded 26 Jul 2013 to 204.235.148.97. This article is copyrighted as indicated in the abstract.
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move the sample into a scanning tunneling microsco
~STM! for structural analysis on the atomic scale. The m
sample holder is mounted on a rotatableX–Y–Z manipula-
tor, which permits precise placement of the sample in eit
the upper or lower chamber. This combination of techniqu
provides a powerful battery of tools for studies of surfa
photochemistry driven by VUV light.

IV. EXPERIMENTAL PERFORMANCE OF THE
SOURCE

The first step in evaluating the utility of the VUV sourc
in applications such as photodesorption studies or sur
modification has been to characterize the harmonic yield
are able to generate and to optimize the experimental co
tions. Detection of the VUV emission is performed with tw
kinds of scintillator. The first is a quartz window coated wi
a homogeneous sodium salicylate film. The second is a p
mer film, PET, fixed on the same kind of quartz windo
Both scintillators emit fluorescence in the blue at around 4
nm with a quantum efficiency for the sodium salicylate eq
to unity21 when the excitation energy varies from 3.5 to 3
eV. The flange supporting the scintillator is fixed 20 cm fro
the exit slit to avoid rapid damage or aging due to tig
focused light. A photomultiplier tube~PMT! ~Hamamatsu
R5600U-6! detects the fluorescence yield behind the coa
windows. A blue filter~Schott BG-39! is placed in front of
the PMT. The PMT is connected to a 1 GHz amplifier
~EG&G model 9327!, an oscilloscope, and a boxcar integr
tor. To deal with undesired scattered light in the second a
of the monochromator due to the infrared and the third h
monic ~266 nm! beams, it was crucial to place rectangul
apertures in the second arm of the monochromator. A co
puter controls the stepper motor board of the grating cha
ber and the detected, averaged signal via a 12 bit acquis
board~Advantech PCL 812 PG!.

A. High order harmonic generation in xenon and
argon

The ionization potential of xenon is;12.2 eV. We can
therefore hope to reach the orderNmax519 ~;29.5 eV! under
our experimental conditions with this gas. Figure 2 show
spectrum obtained for the operating conditions described
Sec. III with a;20 mbar gas pressure in the flow tube. It
clear that the spectrum obtained has a plateau and sh
emission fromN57 to 19. Because the ionization potenti
of argon is;15.8 eV, this gas needs greater pump intensi
than xenon to obtain good conditions for harmonic gene
tion. Figure 3 presents a typical harmonic spectrum obtai
in a flow of argon with a pressure of;40 mbar. The highes
harmonic order obtained is the 25th, giving a cut-off value
;41.9 eV; for anUp coefficient of 3.0 the theoretical valu
of the cut-off energy is;43 eV or H27. The two lines be
tween the seventh and the ninth order harmonics are situ
at 104.3 and 95.9 nm, and correspond to third order diffr
tion of H23 ~34.8 nm! and H25~32.0 nm!, respectively, by
the grating. The two lines between the 9th and the 11th or
harmonics are situated at 84.1 and 76.2 nm and corresp
to 2nd order diffraction of H19 and H21, respectively, by t
grating. Furthermore, the three other lines, located at 6
 Reuse of AIP content is subject to the terms at: http://rsi.aip.org/about/rights_and_permissions
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64, and 59.3 nm, correspond to 2nd order diffraction of
23rd, 25th, and 27th harmonics, respectively. It is quite cl
from Fig. 3 that the harmonic order number 27 is sligh
screened by the side of the grating when its rotation an
gives a better grazing incidence. Nevertheless, the pres
of the second and third order reflections shows a very inte
and efficient conversion process leading to significant h
monic yield. By tuning the Ti:sapphire laser around 800 n
we were able to shift these reflections~see Sec. IV B! and
therefore to confirm the origin of these spectral lines. Fina
we have also noticed a weak emission centered at 93.7
This last peak could correspond to the ArII line from the
3s23p5– 3s3p6 configuration centered at 932 Å.

B. Tunability of the source

While the first level of wavelength selection in surfa
science experiments would be to choose a particular

FIG. 2. High order harmonic spectrum obtained by HHG in a xenon gas
The gas pressure isp;20 mbar and the IR intensity isI;1.4
31014 W cm22. The scintillator used for this measurement was sodium s
cylate.

FIG. 3. High order harmonic spectrum obtained by HHG in an argon gas
The gas pressure isp;40 mbar and the IR intensity isI;1.6
31014 W cm22. The scintillator used for this measurement was sodium s
cylate.
Downloaded 26 Jul 2013 to 204.235.148.97. This article is copyrighted as indicated in the abstract.
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monic from the HHG spectrum of the source, it is qu
important to obtain the highest flexibility in terms of tunab
ity. For example, photodesorption yields can exhibit re
nance structures in the photon energy domain.2 As shown in
Fig. 4, a relatively easy way to tune slightly the harmon
frequencies is to shift the wavelength of the pump laser. T
Ti:sapphire laser we use can deliver a seed beam to the
generative amplifier in the wavelength range from 730 to 8
nm. However, the regenerative amplifier has optical com
nents with limited bandwidth, and they are specifically op
mized for 800 nm: the tunability is therefore limited. A
shown on Fig. 4, for a610 nm variation around a selecte
wavelength of 790 nm, we can tune the observed harmo
wavelength by a value ofDl52.8 nm~H7! to 0.8 nm~H25!,
corresponding to energy variations ofDE;0.25– 1.04 eV. A
possible method by which to obtain a wider tunability wou
be to double the fundamental beam before harmonic gen
tion in the gas, and to use an achromatic doublet to fo
both wavelengths~i.e., 800 and 400 nm! in the gas flow
tube.22 Even order emission could therefore be produc
@e.g., H856v11~2v!#.

V. ABSOLUTE ENERGY CALIBRATION

Measurement of the photon flux~photons/s! of the har-
monics is not a trivial problem, especially since it deals w
ionizing radiation in the VUV domain. The methods for in
tensity calibration in the VUV have been refined over t
years and are outlined in Vol. II of Ref. 3. The calibration w
have performed is based on the properties of one of the s
tillators used to detect the harmonic yield, sodium salicyla
This material has a quantum efficiency which varies slow
~by 5%! over a wide range of wavelengths~380–30 nm!,21

and can therefore be calibrated with near-UV light. The ca
bration process involves the use of the infrared pulsed la
~Ti:sapphire set at 730 nm, 100 fs! doubled with a
b-bariumborate~BBO! crystal to provide~via density filters!
a low intensity pulsed beam in the UV at 365 nm. In the fi
step of the method, the UV average power is read on a c

t.

i-

t.

i-

FIG. 4. Tunable high order harmonic spectrum obtained by HHG in arg
The wavelength of the oscillator laser~Ti:sapphire! is tuned byDl5610
nm about a value of 790 nm.
 Reuse of AIP content is subject to the terms at: http://rsi.aip.org/about/rights_and_permissions
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FIG. 5. Calibration curves from the boxcar voltag
value to incident energy~per pulse! from VUV irradia-
tion of a sodium salicylate scintillator. The calibratio
was done at 365 nm for several high voltages applied
the PMT in order to cover the full range of value
needed for the VUV intensity measurement.
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brated photodiode power meter for several density filt
~calibrated for this wavelength! and then converted to energ
values. The UV light is then directed to a quartz window@a
conflat~CF! flange# coated with a thin layer~;0.5–1 mm! of
sodium salicylate, behind which are a blue filter and the
tection system~PMT1amplifier1boxcar averager!, which
measures the fluorescence of the scintillation emitted
;410 nm. This gives an integrated value of the incide
energy. The calibration is then made for several values
energy at 365 nm and for several voltages applied to
PMT. Thus we obtain a calibration curve~Fig. 5! relating the
incident energy to the integrated signal level given by
boxcar. The VUV harmonic beam~with a pulse duration
>120 fs, and broadened by the monochromator grating! is
then directed upon the same calibrated scintillator coat
By keeping the same integration parameters, we are ab
obtain an absolute measurement of the VUV energy or p
ton flux, independent of the temporal structure of the VU
pulses. Note that during the calibration of the VUV yield, t
flange with the scintillator coating is directly connected
the end of the second arm of the monochromator~Fig. 1!;
during daily use of the source, a differential pumpi
vacuum chamber is instead connected at this point and
VUV yield is measured via a mirror~separately calibrated!.
With the calibration method described, a flux of;106– 107

photons/pulse of VUV radiation has been determined in
plateau region, after selection by the grating, as shown
Fig. 6 ~argon!. With a 1 kHz repetition rate this leads to
flux of ;1010photons/s that can irradiate the sample to
studied. Such a method gives a relative error of measurem
of 10%. A quick calculation based on;1014 photons/pulse
of the fundamental infrared~IR! radiation yield, with a con-
version efficiency7 r;1025 and a reflection coefficientr
;1022 of the grating, gives a typical harmonic yield of 107

photons/pulse, indicating that our system is working at cl
to optimum efficiency. Note than even after hundreds
hours of use we have noted no detectable damage of
scintillator or decrease of its efficiency, even though it
Downloaded 26 Jul 2013 to 204.235.148.97. This article is copyrighted as indicated in the abstract.
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known that some slight~5%! aging effects can occur, par
ticularly when venting the chamber to air~scintillator
oxidation!.21,23

VI. APPLICATIONS: SURFACE SCIENCE AND TIME
RESOLVED SPECTROSCOPY

We now consider some of the possible applications
the source. Photons with energies in the region of 6–40
are the right energies for the absorption energy range
small molecules like CO, O2, C2H4 , or CO2.24,25 Such
simple molecules are of special interest because their the
surface chemistry is often well established. There are
relatively few surface photodesorption studies of such m
ecules in the VUV,26–28 especially for low coverage phys
isorbed systems.29 The processes involved can be separa
in three classes: direct photoexcitation of the adsorbate w
different characteristics compared with the gas phase d
principally, to selective quenching and postdissociation int
actions with the substrate, the photoelectron flux indu
electron stimulated reactions analogous to those observe
electron scattering processes, and a completely new cha

FIG. 6. Harmonic yield calibrated in intensity~photons/s! via Fig. 5.
 Reuse of AIP content is subject to the terms at: http://rsi.aip.org/about/rights_and_permissions
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which has been discovered by our group2 in which surface
electron attachment to a resonantly pumped, photoexc
molecular state occurs. The wavelength dependence o
cross section is crucial to elucidation of the mechanism
the ultrafast regime and can be addressed with a tun
HHG source. In ultrafast experiments performed with visib
and near-UV photons,30,31 the extremely high density of ex
cited electrons has been found to yield a unique type of p
cess in which multiple excitations of the adsorbate ta
place, leading to nonlinear effects~termed ‘‘desorption in-
duced by multiple electronic transitions’’ or DIMET!. Direct
resonant excitation of the adsorbate has not yet been dem
strated and little is known about the wavelength depende
of the photochemical dynamics. For substrate mediated r
tions, power densities on the order of 900 MW/cm2 are re-
quired to produce nonlinear effects at 310 nm.32 With the
kind of VUV coherent ultrafast pulsed source described h
one can obtain;0.1 MW/cm2 with pulse duration on the
order of 1 ps or less. While at first this suggests that
DIMET process will not be observed, the fact that, in co
trast to the visible and UV, resonant molecular excitatio
are anticipated in the VUV, means that resonance-enhan
multiple excitation and accompanying nonlinear effects c
be ruled out.

As a preliminary demonstration of the application of t
VUV light source to material spectroscopy33 we will con-
sider briefly measurement of the fluorescence decay of
two scintillators used: sodium salicylate~SNa, C7H5NaO3)
and polyethylene terephthalate~PET, C10H8O4). The first is
conventionally used at synchrotrons~e.g., SuperACO, Dares
bury UK! for beam detection or calibration. The second i
polymer which shows interesting electroluminescence w
in the context of the development of organic light emitti
diodes~OLEDs!.34 Both emit strong luminescence, after e
citation, from the first excited singlet state (S1 ,p* ), which
is separated from the lower singlet state (S0 ,p), by an en-
ergy of 3.04~;410 nm! and 3.6 eV~;344 nm! for sodium
salicylate and for PET, respectively. Figure 7 presents
fluorescence decay measured for both scintillators on a s

FIG. 7. Fluorescence decay curves for the two scintillators used to d
VUV photons @PET and sodium salicylate~SNa!; see the text# excited at
10.85 eV~H7! with the high order harmonic source (;13105 W cm22).
The SNa shows a single exponential decay (t158.860.4 ns) while the PET
presents a nonlinear component (ktp) induced by the VUV intensity applied
Downloaded 26 Jul 2013 to 204.235.148.97. This article is copyrighted as indicated in the abstract.
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logarithmic scale when excited by H7 (hv510.85 eV) with
VUV intensity of ;13105 W/cm2. The fluorescence deca
of SNa is fitted with one exponential, corresponding to anS1

lifetime of t158.860.4 ns. This lifetime is known to lie be
tween 1 and 10 ns.23 In the case of PET, fluorescence dec
is clearly not composed of a simple exponential compone
and has been fitted by a combination of an exponential de
and a second nonlinear term describing a quenching proc
This type of process can be linked with so-called local d
sity induced~LDI ! quenching. It has been studied in conne
tion with the efficiency of scintillation of some inorgani
crystals~e.g., NaI, CsI!35 when irradiated with heavy charge
particles, which exhibit this type of nonexponential dec
behavior. In fact, the first part of the PET fluorescence dec
for short times (t,15 ns), is linear and corresponds to th
classical exponential decay of the first singlet excited s
(t2516.260.6 ns). The second part is characteristic of d
layed fluorescence due to nonlinear effects linked with
intensity applied to the polymer film~where the fitting pa-
rameters give A2 /k;3 and p;0.8 from I fluo5A2

exp(2t/t2)1ktp). Such a phenomenon can occur when t
density of electrons in the conduction band is high enough
produce dipole–dipole interaction with localized exciton
An in depth analysis of this behavior will be the subject o
future article. Here we emphasis two important points:~a!
sodium salicylate can be used to calibrate the intensity of
kind of ultrafast VUV source; therefore the known quantu
efficiency of SNa can be used, which validates our VU
yield measurement~Fig. 5, Sec. V!; ~b! there is clear nonlin-
ear behavior in the relaxation of the PET when excited w
VUV harmonics; the physical processes involved in this c
remain to be clearly identified but this gives us a good id
of the potential for discovering new phenomena when
consider electronic excitation of materials with in the conte
of surface science.

ACKNOWLEDGMENTS

The authors are grateful to the EPSRC and the ERDF
financial support of this work. One of the authors~D. R.!
would like to thank the European Commission for award o
Marie Curie fellowship.

1W. Ho, Surf. Sci.300, 996 ~1994!; R. E. Palmer, Prog. Surf. Sci.41, 51
~1992!; L. J. Richter and R. R. Cavanagh,ibid. 39, 155 ~1992!.
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