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Abstract

We present an experimental set-up which can image state selectively the two-dimensional angular distribution of
neutrals or ions desorbing from a surface after UV-laser excitation together with the velocity flux distribution of a
single rovibronic state in a single experiment. The method combines a state selective detection method like
resonance enhanced multiphoton ionization (REMPI) with an imaging technique. This method is particularly fast in
comparison to other one-dimensional methods and ideal for systems where the substrate is modified via irradiation
with laser light. The normally used set-up in state resolved laser desorption experiments for two-dimensional imaging
{1] is limited to look at the azimuthal distribution. We report on results of the determination of angular distributions
of NO desorbing from NiO(111) after excitation with 193 nm (6.4 eV) laser light. The velocity flux distributions also

obtained are compared to former one-dimensional experiments performed in our laboratory.

1. Introduction

State resolved photochemical studies on well
characterized surfaces are still in an early stage
[2-10]. The most simple experiment which can be
modelled in a handy way involves studies of the
bond breaking of surface bonds, i.e. the desorp-
tion of small molecules. The energy dissipation
after the photochemical process is partly con-
served in the desorbing molecules and thus gives
useful information about the dynamics of such
processes.

* Corresponding author.

Directional effects in desorption induced by
electronic transitions have first been studied for
the desorption of ions after stimulation with elec-
trons (electron stimulated desorption ion angular
distribution, ESDIAD) [11}. This method turned
out to be a powerful tool for the investigation of
adsorbate structures (for reviews see Refs. [12,13])
and was also extended to photo-stimulated de-
sorption [14-17]. The most frequently used exper-
imental set-up consists of a collector positioned
opposite to the surface which can detect spatially
resolved positively or negatively charged particles
or, under certain conditions, electronically ex-
cited neutrals. The advantage to a channeltron
mounted on a goniometer [18,19] is that the full
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angular information can be obtained in this 2D-
imaging method in a relatively short time, in
principle in a single experiment. However, there
is little 2D-imaging work on the detection of
desorbing neutrals in their electronic ground
state, The first work made in this direction com-
bines a resonance enhanced multiphoton ioniza-
tion (REMPI) technique for state selectively ion-
izing the neutrals with the 2D-imaging technique
in the common detection geometry [1,20,21]. The
method was adopted from experiments probing
the photo-fragmentation in the gas phase [22,23]
and investigations on ion sputtering of neutrals
from surfaces [24]. However, the set-up used is
limited to look at the azimuthal distribution. In
order to obtain the translational energy seperate
experiments have to be done. We shall present a
new experimental set-up with a different geome-
try which can image state selectively the two-di-
mensional angular distribution of neutrals de-
sorbing from a surface after UV-laser excitation
together with the velocity flux distribution of a
single rovibronic state in a single experiment. In
comparison to other one- or two-dimensional
methods this method extracts the maximum
amount of information and is ideal for systems
where the substrate is modified via irradiation
with laser light.

As a model system we chose NO adsorbed on
NiO(111). This system is well characterized with
surface science methods [25-29]. Furthermore,
extended experiments using a one-dimensional
method were undertaken in our laboratory [30-
32] and can thus be compared to our 2D-imaging
results. Due to the rather large photodesorption
cross section for the excitation with UV-laser
light at 6.4 ¢V (193 nm) the system is particularly
suited to undertake state and spatially resolved
studies. We shall present some preliminary re-
sults on the angular distributions of single rovi-
bronic states and compare the velocity flux distri-
butions simultaneously obtained from the same
image to our one-dimensional experiments.

2. Experimental set-up

The laser desorption experiments carried out
under ultra-high vacuum (UHYV) conditions were

of the pump probe type. The components used in
our experiments consisted of (i) a UHV system
consisting of a preparation and a main chamber
with sample manipulator, (i) an excimer laser for
exciting the adsorbate/substrate system and an
excimer pumped tunable dye laser for probing
the desorbing molecules, (iii) a detection system
with spatial resolution, and (iv) a computer sys-
tem interfaced to video-digitizing electronics.
Each of these components will be described indi-
vidually in the following section.

2.1. Vacuum chamber and sample preparation

The UHV vacuum chamber was equipped with
facilities for low energy electron diffraction
(LEED), Auger electron spectroscopy (AES), X-
ray photoelectron spectroscopy (XPS), quadru-
pole mass spectrometry for residual gas analysis
and thermal desorption spectroscopy (TDS), and
an annex designed for the laser induced pro-
cesses which we shall describe in detail further
below. Except for the detector designed for the
two-dimensional imaging studies [33] details of
the system were discussed elsewhere [34]. The
Ni(111) sample was cleaned via sputtering with
Ne ions followed by annealing to 1000 K via
electron bombardment. The well ordered and
well characterized [25-29] epitaxial film of 4-5
layers thickness was grown by oxidizing the crys-
tal at 500 K in an atmosphere of 5x 10~% Torr
oxygen for 40 min.

During the laser experiments the probe was
cooled by liquid nitrogen to about 95 K. At this
temperature a saturation coverage of 0.2-0.3 of a
monolayer of NO is adsorbed. In order to keep a
constant surface coverage prior to each of the
pump laser pulses the sample was redosed via
background pressure of 5 X 10~ Torr in most of
the experiments. In the one-dimensional mea-
surements this background was subtracted on al-
ternate laser shots with the aid of a boxcar inte-
grator. The measured background signal in the
two-dimensional measurements had to be taken
in a separate experiment because of the different
way of recording the data. The signal of these
background molecules turned out to be within
the electronic noise of the detector and did not
contribute substantially to the main signal.
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There is a small amount of laser induced
photo-reaction of NO on NiO(111) changing the
properties of the system as some photo-products
remain on the surface. However, the amount of
reaction products is less than 5% as estimated
from XP-spectra and small enough to keep the
experimental conditions constant within a given
experiment, if one cleans the crystal before each
experiment by heating it to 700 K.

2.2. Laser

The experimental set-up is shown in Fig. 1
concentrating on a schematic view of the detec-
tion area [35,36]. The desorption was initiated
normal to the surface by a pulsed broad band
ArF excimer laser (Lambda Physik EMG 200)
(A =193 nm, hv = 6.4 ¢V) with a pulse duration
of 15 ns, and a repetition rate of 4 Hz. The laser
fluence typically used of 1-2 mJ/cm? per pulse,
which leads to an estimated temperature jump of
20 K [37], was too small to initiate thermal pro-
cesses. The area irradiated on the surface had a
size of 20 mm?. The desorbing molecules were
probed by making use of a (1 + 1) REMPI tech-
nique. The NO molecules were excited state se-
lectively in the first excitation step via the transi-
tions A23(v' =0, 1, 2) « X?II(v" =0, 1, 2) [38 +
39]. The absorption of a second photon leads to
the ionization of the NO. As NO has an unpaired
electron two different spectra due to the two
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Fig. 1. Schematic drawing of the experimental set-up concen-
trating on a schematic view of the detection area.

different spin states are obtained. The necessary
tunable UV light in the 220-227 nm range was
generated via frequency doubling in a barium
borate (BBO 1) crystal. The fundamental radia-
tion at 440-454 nm was obtained from an ex-
cimer laser (XeCl, Lambda Physik LPX 205 i CC)
pumped dye laser (Lambda Physik LPD 3002)
operated with Coumarin 2 (10-15 ns pulse length,
repetition rate 4 Hz).

2.3. Detector with spatial resolution

For imaging the desorbing species we use a
detector which is normally used for example in
order to measure temperature profiles in flames
for molecules such as NO or OH [40-43]. In
order to get the two-dimensional information the
detection laser beam was widened to a sheet of
20-25 mm with the aid of a telescope consisting
of two cylindrical lenses (f=42 mm and f= 310
mm). The ions were recorded perpendicular to
the surface normal and the detecting laser beam
via a system consisting of a repeller (=3 kV), a
drift tube of 60 mm length, multichannel plates
(Galileo 3040, 40 mm diameter) and a phosphor
screen (—3 kV) as depicted in Fig. 1. The dis-
tance between the crystal and the start of the
detection area was 12 mm. As the MCPs are
UV-light sensitive the drift tube is necessary in
order to avoid signals from scattered light. The
high voltage of the MCPs (+1.65 kV) was gated.
It was switched on 2 us after firing the detection
laser and run for 40 us. The flight tube consisted
of a metal tube covered with meshes (wire thick-
ness = 25 um, mesh size =230 um) to obtain a
field free region. The size of the flight tube was
short enough so that image aberrations due to
Coulomb interaction of the ions were avoided.
Furthermore, an imaging dependance on the ve-
locity of the desorbing molecules was less than
4% in the worst case, i.e. for the fastest molecules
(maximal detected velocity: 1800 m/s) as ob-
tained from calibration measurements with a
pulsed molecular beam. This dynamical effect is
due to the fact that the velocity components
perpendicular to the component in direction to
the MCPs are still existing when the molecules
travel through the flight tube. It strongly depends
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on the repeller voltage and length of the flight
tube and was minimized by chosing the condi-
tions given. Signal saturation effects were ob-
served for NO pressures above 8 X 10~7 Torr, an
order of magnitude above the normal working
pressure. In the pressure range used the intensity
of the image was linearly proportional to the
amount of NO. From calibration measurements
with a grid a nonlinear distortion of the electric
field in the detection volume in the presence of
the Ni-crystal was observed which was particu-
larly pronounced close to the crystal (up to 10%
deviations). This distortion could be completely
compensated when floating the crystal at a gated
potential of 1050 V. One-dimensional measure-
ments were carried out with and without this
extra potential. The velocity flux distributions
from the desorbing molecules were identical in
both measurements so that it was obvious that
the potential did not distort the signals.

2.4. Video-digitizing system

The image on the phosphor screen was moni-
tored through an ordinary UHV window by a
CCD video-camera with a commercial objective
(Pentax, f =50 mm, f-number = no. 1/1.4). The
camera (Theta-System HTMC87) consists of a
controller (camera electronics) and a head with a
CCD chip and works according to the frame-
transfer principle. The CCD-chip (Thompson,
TH7863FO) consisted of 288 X 384 light sensitive
elements with an element size of 23 X 23 um.
The whole set-up allowed objects down to a size
of 0.1 mm to be imaged. The video signal was
digitized with 8-bit resolution via a video-re-
corder with an imaging processor card (Matrox
MVP-AT) storing the data in a 512 X 512 pixel
matrix. This recording system allows at the same
time to tape the 2D-images on a video-band, to
follow the signal on a RGB monitor directly and
to process them via the imaging processor card
with a computer. The video-electronics operated
at 50 Hz and were synchronized to the working
frequency of 4 Hz of the laser desorption experi-
ments. Typically 200-500 exposures were added
to obtain a single image. Due to geometric re-
strictions three to four images at different delay

times between desorption and detection had to
be taken in order to cover the whole velocity flux
distribution of the desorbing molecules.

2.5. Data analysis

A typical state selective image of NO desorb-
ing from NiO(111) is given in Fig. 2. In order to
obtain the real density distribution of the desorb-
ing molecules, first the background signal from
gas phase NO had to be subtracted and then a
correction concerning the laser intensity distribu-
tion within the laser sheet had to be done. For
this purpose a 2D image of NO background
molecules was taken without the desorption laser
being switched on. An analysis of this 2D image
along the surface normal gave the laser beam
profile. As the REMPI signal was linearly depen-
dent on the detection laser intensity the signal
measured at the MCPs for the desorbing
molecules was divided by the local laser intensity
obtained from this calibration measurement.

If one wants to analyse the image in terms of
the angular distribution and the velocity flux dis-
tribution of the desorbing molecules one has to
take into account that the pixel coordinates of the
image have to be transformed into real space
coordinates. Therefore a calibration with a grid
with a 2 mm spacing held into the detection laser
beam was undertaken. Zones of illuminated and
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Fig. 2. 2D image of NO (J" =5.5, v" =0, *II, ;) desorbing
from NiO(111) taken at 15 us after excitation with laser light
of 6.4 eV at a distance of 12 mm; white areas correspond to
the highest intensities of desorbing molecules; the image was
corrected concerning background and laser beam profile.
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dark parts on the image could be related to the
corresponding strip pattern of the grid in real
space (calibration of x-axis in Fig. 2). Another
way of calibration was realized by imaging the
unwidened detection laser beam on the MCPs at
several known positions (calibration of y-axis in
Fig. 2 by guiding the detection laser beam along
or parallel to the surface normal). From this
calibration a function was obtained with which
any pixel coordinate could be transformed into a
real space coordinate. For an analysis the inten-
sity map was averaged over 10 pixels along the
X-axis.

3. Results and discussion
3.1. Velocity flux distributions

In order to obtain the translational energy
distribution of the desorbing molecules, the probe
laser was fixed to the maximum of a specific
rovibronic transition of the NO. The 2D image of
the desorbing particles was measured at a fixed
delay time between pump and probe laser. Three
or four images at different delay times between
desorption and detection were taken in order to
cover most of the desorbing molecules. An exam-
ple of such a 2D image corrected for the laser
intensity distribution is shown in Fig. 2. From the
2D image in principle one can obtain the velocity
flux distributions of the desorbing molecules at
any desorption angle. We restricted our analysis
to the distribution along the surface normal at
the center of the crystal in order to be able to
compare our results to one-dimensional measure-
ments for the same molecular system. As we
measure particle densities the corrected intensity
distribution obtained from the 2D image has to
be multiplied with the real space coordinates and
the delay time between desorption and detection
at which the image was taken in order to obtain
the corresponding velocity flux distribution. Fig. 3
shows such an analysis for the same rovibrational
state as in Fig. 2 taking three overlapping 2D
images at three different delay times. As we
measure a density of molecules the intensity mea-
sured has to be weighted with the time delay in

order to obtain the velocity flux distribution. The
minimum and maximum velocity (Av) that can be
registered in one image is therefore not only
linearly depending on the expansion of the detec-
tion laser sheet (Ax) but also inversely on the
delay time ¢, chosen. This explains the different
widths of the ranges concerning the velocities
covered in the 2D images for the three different
delay times in Fig. 3. The noise is particularly
pronounced after the correction for the laser
intensity at parts of low laser intensities of the 2D
image. The laser was adjusted in such a way that
the beam profile was close to a rectangular shape.
The 2D images were then analysed taking only
parts where the laser profile showed its maximum
and was mainly flat (60% of the total image). In
Fig. 3 the velocity flux distribution of the same
state obtained from a one-dimensional measure-

[s0] [ 15 ]

delay [ps]

flux

T

12000
velocity [m/s]

Fig. 3. Upper curve: Velocity flux distribution of NO (J” = 5.5,
v =0, 2, ,2) desorbing from NiO(111) extracted from three
2D images along the surface normal (15, 25 and 50 us after
excitation with laser light of 6.4 eV). Lower curve: corre-
sponding velocity flux distribution from a one-dimensional
measurement [30-32].



108 M. Menges et al. / Surface Science 316 (1994) 103~111

ment can also be seen together with a fit of the
data.

As is clearly seen, the 2D-imaging experiments
verify our findings of the one-dimensional experi-
ments that UV-laser induced desorption of NQO
from NiO(111) leads to bimodal velocity flux dis-
tributions [30-32]. The overall shapes of the dis-
tributions differ slightly from each other, i.e. the
peaks in the one-dimensional distribution are
broader, particularly for the slow channel. The
uncertainty of the velocity in our 2D image is due
to the diameter of the irradiated area on the
surface (2.5 mm). However, the uncertainty in the
one-dimensional measurement is due to the di-
ameter of the detector (40 mm) crossed by the
laser beam as molecules reaching the edge of the
detection area are faster than molecules in the
center. To this range of velocities only one veloc-
ity is attributed in the TOF, i.e. the slowest
component which points along the surface nor-
mal. From the detection angle covered it can be
estimated that the fastest molecules at the edge
have a velocity 15% above the velocity along the
surface normal. As a result, the velocity flux
distribution is shifted with respect to the real
distribution towards slower velocities. Also the
detection laser beam has a finite size along the
x-axis of 2 mm so that the intensity is not only
measured at a single velocity but at a range of
velocities covered by the finite size of the laser
beam (velocity range covered: velocity in the mid-
dle of the beam +10%). As to this range of
velocities, a single velocity is attributed and this
leads to a smearing of the velocity flux distribu-
tion in the one-dimensional measurements.

3.2. Angular distributions

From 2D images like the one shown in Fig. 2,
the angular distribution, i.e. the density distribu-
tion of particles with a fixed velocity as a function
of the angle related to the surface normal, can be
obtained. For the analysis we first choose the
velocity v for which we want to extract the angu-
lar distribution. With this velocity the particle
covered a distance s and can be found at a place
with the coordinates x (perpendicular to the sur-
face) and y (parallel to the surface) in real space

coordinates. As the image is taken at a certain
delay between pump and probe laser ¢4, the
following relation between coordinates in real
space and velocity are obtained:

x=x(v, ty, @) =s cos(O) = vty cos(O),
y=y(v, ty, @) =5 sin(O@) = vt sin(O). (1)

The density of particles measured with our 2D
image for this particular velocity and angle can
now be extracted from the image by reading out
the intensity at the pixel coordinates correspond-
ing to the real space coordinates given.

Examples for such angular distributions are
shown in Fig. 4 for different velocities for the
rovibronic state from Figs. 2 and 3. Due to re-
strictions concerning the detector, size angles be-
tween +30° and —30° with respect to the surface
normal can be covered.

As can be seen from Fig. 4, the angular distri-
butions of the desorbing molecules are peaking
increasingly towards the direction of the surface
normal with increasing velocity. This trend turns
out to be general when looking at different rovi-
bronic states. We analysed the data by fitting the
distributions with cos”(®) functions. We found
exponents between 1 for the molecules at v = 250
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Fig. 4. Angular distributions of NO (J" = 5.5, v" =0, *II; ;)
desorbing from NiO(111) extracted for different velocities
from three 2D images (15, 25 and 50 us after excitation with
laser light of 6.4 eV).
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m/s and 15 for v=1700 m/s. However, the
differences between values for high exponentials
of the cosine function are only minimal so that
the estimated error of the high exponentials is
+3 due to the noise of the signal, the narrow
angular range of the detection system and further
errors discussed in the experimental section. This
strongly peaked distribution of the fast channel
means that the molecules have a fast velocity
component pointing along the surface normal and
only slow velocity components in the y and z
directions. The strong peaking along the surface
normal has also been observed in electron-stimu-
lated desorption experiments on NO from
NO,/Pt(111) [20], CO/Pt(111) [21] or laser de-
sorption experiments of NO /Pt(111) [44-46].

3.3. Modelling the data

The main goal of this paper is to present the
experimental set-up for the 2D-imaging of the
desorbing molecules and the comparison of the
experimental results to one-dimensional mea-
surements. This was done in the last two para-
graphs, For those readers that are also interested
in the physical meaning of our experimental re-
sults, we want to summarize only briefly the main
results of model calculations undertaken in our
laboratory. Details of the calculations including
potential energy surfaces used have been and are
going to be published elsewhere [32,36,47]. The
bimodal velocity flux distributions were already
found in the one-dimensional measurements and
the findings of the model calculations will only be
summarized. The information concerning the
strongly peaked angular distributions is new and
deserves a brief discussion.

Based on the Menzel-Gomer-Redhead
(MGR) model [48,49] we did quasi-classical tra-
jectory calculations on the dynamics of the laser
induced process. Within the calculations the rota-
tional motion and the electronic excitation were
treated quantum mechanically while the transla-
tional motion was treated classically. Within the
calculations the adsorbed state with a 45° bending
geometry was treated as a hindered rotor con-
cerning the bending vibrational motion allowing a
free rotation azimuthally about the surface

molecule bond. For the excited state which has
the character of NO ™ being bound to NiO [30-32]
we assumed a Morse potential with respect to the
bonding towards the surface with a minimum
located at smaller molecule surface distances.
Within the angle dependent part of the potential
we allowed free rotation. Deactivation from the
excited state occurs after a given lifetime assum-
ing the relaxation probability being dependent on
the place within the excited hypersurface.

The tilted geometry of 45° of NO on the NiO
surface, respectively the motion of the center of
gravity normal to the surface related to it, leads
to different starting conditions for the trajecto-
ries. They depend on the sign of the component
of the motion normal to the surface (k,). On the
other hand, trajectories belonging to longer life-
times allow the molecule to reach the strongly
repulsive part of the potential. This leads to high
translational energies upon deactivation. Both ef-
fects are important to explain the bimodality of
the velocity flux distributions.

As the potentials describe a fixed and smooth
surface we kept the components of the momen-
tum parallel to the surface of the desorbing
molecules constant as can be seen in Fig. 5. The
component normal to the surface was then ob-
tained from trajectory calculations. From our cal-
culation we obtain strongly peaked angular distri-
butions of the fast molecules restricted to angles
smaller than 40°. The calculated distributions [47]
represent the experimental distributions well.
With decreasing velocities normal to the surface
the angular distributions broaden as found exper-
imentally. The result means that the kinetic en-

crystal

a>a

Fig. 5. Schematic drawing for the two components of the
translational momentum k in the detection plane for slow
and fast desorbing molecules.
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ergy of the molecules gathered in the excitation
process is mainly transformed during the desorp-
tion into a translational motion along the surface
normal.

5. Conclusions

In contrast to the most commonly used geome-
try our experimental set-up for a 2D-imaging
method presented in this paper allows one to
obtain state selectively the two-dimensional angu-
lar distribution of desorbing neutrals together
with the velocity flux distribution of a single rovi-
bronic state in a single experiment. This is real-
ized by positioning the detector for the desorbing
molecules perpendicular to the surface plane.
The state selectivity results from resonance en-
hanced multiphoton ionization (REMPI) with the
detection laser beam being widened to a sheet
parallel to the detector plane. As a model system
we used NO desorbing from NiO(111) after exci-
tation with 193 nm (6.4 eV) laser light. The
velocity flux distributions obtained from our
imaging method were bimodal similar to results
obtained in former one-dimensional experiments
performed in our laboratory. The uncertainties in
determining the velocity flux distributions of the
one-dimensional measurements lead to shifts in
the velocity flux distributions and to a smearing
of the distributions. These problems can be solved
in the 2D measurements. Supplementary infor-
mation can be gained in the 2D measurements
concerning the angular distributions of the de-
sorbing molecules. From the angular distribution
strongly peaked for high velocities, we obtain that
the molecules mainly gain kinetic energy along
the surface normal during the desorption process.
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