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Kinetic-energy distributions of Ar ions photodesorbed from argon multilayers
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Kinetic energies of Ar+ ions desorbed by double photoionization at 100 eV from argon layers (from 2

to 20 monolayers) condensed on platinum are measured and compared with predicted values. Unexpect-
ed low kinetic energies are explained by a relaxed Coulomb repulsion mechanism. The weakness of the
high-kinetic-energy ion signal is considered to be due to the noncrossing of the bound and repulsive

potential-energy curves involved in the desorption model.

I. INTRODUCTION

Photon interaction with adsorbed or condensed atoms
and molecules can result in the emission of positive ions.
Such processes are encountered in a variety of photon-
stimulated desorption experiments from solid surfaces'
and in studies on the stability and dynamics of photon-
excited clusters. The basic issues are the identification of
the repulsive mechanisms leading to the ion ejection and
the nature of the competing relaxation processes. Al-
though qualitative models have been proposed, ' no sa-
tisfactory understanding of the ion photoemission pro-
cesses could be achieved so far, mainly due to the lack of
experimental information on the energetics of the ejected
ions. The aim of this work is to provide such experimen-
tal data on the kinetic energy of photodesorbed ions in a
simple system where clear assignments of the electronic
excitation processes can be made.

We report here kinetic-energy measurements of
desorbed ions from condensed rare gases. Rare-gas layers
on a metal are chosen because they offer a number of ad-
vantages. First, they have well-known electronic excited
and ionized states producing ion desorption. Second,
their lowest ionization potential is high enough (=13.8
eV) so that neutralization by the interatomic Auger effect
cannot occur within the adsorbed layer. Earlier attempts
to study kinetic energies of photodesorbed ions from
more complicated systems' ' were handicapped by the
unknown nature of the electronic excited states involved
in the desorption processes. In the present work, the
measurements of ion kinetic energies for various
thicknesses of condensed argon (from 2 to 20 monolayers)
and for well identified excitation mechanisms will allow
us to discuss in details the desorption mechanisms.

ultrahigh-vacuum chamber (base pressure below
5X10 " mbar) equipped with a liquid-helium Row cryo-
stat. Pure argon is condensed at low temperature (=15
K) on a polycrystalline platinum substrate which can be
cleaned by resistive heating. The sample thickness is cali-
brated from photoabsorption measurements through
thick samples of condensed argon of which the absorp-
tion coefticient is known. ' The accuracy of the thickness
measurement for thin layers is checked by comparing the
dependence of the Ar+-ion yield on film thickness ob-
tained by excitation of exciton pairs with that reported in
a separate experiment. Desorbed ions can be mass ana-
lyzed through a fixed quadrupole filter. By rotating the
sample, desorbed positive ions can also be kinetic-energy
analyzed through a separate electrostatic hemispherical
analyzer working in a constant-pass energy mode. In this
latter case, ions are no longer mass selected. The mass
analysis of desorbed ions in then performed before and
after each kinetic-energy measurement. It is checked
that under our experimental conditions, i.e., photon exci-
tation energy of 100 eV and sample thickness lower or
equal to 20 monolayers, the desorption of Ar+ ions ac-
counts for more than 95% of the total amount of
desorbed ions. Other observed desorbed ions such as
Ar2+, Ar3+, Ar +, H+ have a negligible intensity. Ions
are detected along the sample normal with an angular ac-
ceptance of about 6 .

Kinetic energies measured through the electrostatic
analyzer are relative to the vacuum 1evel of the analyzer
(E'„";„")and have to be corrected for the different contact
potentials of the sample and of the analyzer in order to
get kinetic energies relative to the vacuum level of the
sample (E'„;„").The relation between E'„";„"and E'„';„
is then

II. EXPERIMENT

Synchrotron radiation from Super-ACO (the storage
ring at Orsay) is dispersed by a grazing-incidence mono-
chromator with a 2-A band-pass wavelength. Most of the
measurements reported here are carried out at a photon
energy of 100 eV with a photon Aux of about 10' pho-
tons X s '. The experiments are performed in an

E sample E anal +y

where P, and PD are the sample and detector sample
work functions, respectively, and V, is the bias voltage of
the sample. A somewhat different formula was con-
sidered by Kelber et al. ,

' who used the same formula for
electrons and positively charged ions. It turns out, how-
ever, that the difterent sample and analyzer work func-
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tions are expected to have opposite effects on the kinetic
energy of negatively and positively charged particles.
From separate photoemission experiments, htD is known
to be 4.3 (+0. 1) eV. By measuring the "cutoff" energy of
photoelectrons emitted from the sample, P, is obtained at
4.3 (+0. 1) eV which is by chance the same value as PD.
Correcting the measured kinetic energies by P, —

PD in-
troduces an uncertainty of about 0.2 eV. Furthermore,

may depend on the adsorbate thickness although in
our particular case P, was constant within experimental
uncertainties. Another method was then tried in order to
obtain directly absolute values of Ek';„"". For that pur-
pose we assumed that the kinetic-energy distribution is
extending down to zero values of Ek';„". By correcting
with the known energy resolution of the analyzer, the
lowest measured value of E&';„" was then ascribed to
zero.

Reported kinetic-energy distributions of ions are ob-
tained with V&=3 eV and are unchanged for higher
values of Vz. For lower values the kinetic-energy distri-
butions are somewhat dependent on Vz indicating that
the transmission of the analyzer is not constant for kinet-
ic energies below 3 eV. From ion trajectory simulations,
we checked that applying a +3-eV bias potential to the
sample is of negligible effect on the recorded kinetic-
energy distributions due to the small collection solid an-
gle of our analyzer.

III. RESULTS AND DISCUSSION

Kinetic-energy distributions of Ar+ ions desorbing
from Ar layers of different thickness are shown in Fig. 1.
The photon excitation energy of 100 eV is chosen in or-
der to ensure that the primary electronic excitation pro-
cess producing ion desorption is double ionization, i.e.,
the formation of a doubly charged Ar + ion. At this
photon energy the role of double ionization is indeed
maximum since single ionization does not produce any

ion desorption and the cross section of other ionization
processes such as formation of ionic satellite states or tri-
ple ionization are comparatively negligible. ' Most of
the Ar+ desorbed ions are believed to result from direct
photon excitation since the recording of the Ar+ ion in-
tensity as a function of the photon energy over the
20—100-eV energy range ' shows no evidence of desorp-
tion processes induced by secondary electrons from the
substrate or from the condensed atoms. Nevertheless,
the desorption of Ar+ ions produced by secondary elec-
trons with high kinetic energies would be also dominated
by double ionization of condensed Ar atoms. The
kinetic-energy calibration of curves in Fig. 1 is obtained
by using formula (1) of the preceding section. By improv-
ing the energy resolution of the analyzer, we also record-
ed the two kinetic-energy distribution curves shown in
Fig. 2. These curves are obtained with 5 monolayers of
condensed argon and photon energies of 100 and 40 eV.
In Fig. 2, the energy calibration is done according to the
second method described in Sec. II, i.e., by assuming that
the lowest measured kinetic energy is zero and by taking
into account the 0.2-eV energy resolution of the analyzer.
As mentioned before, the two methods for energy calibra-
tion give similar results. The kinetic-energy distribution
at a photon energy of 40 eV could be obtained only for a
5-mon olayer thickness since at lower thicknesses the
desorbed ion mass spectrum showed a large amount of
impurities which were not observed at a photon energy of
100 eV. Further experiments at a photon energy of 40 eV
would then require both kinetic energy and mass analysis
of desorbed ions in order to be sure that the recorded
kinetic-energy distribution is that of Ar ions.

Kinetic energies of desorbed Ar+ ions as seen in the
curves of Fig. 1 are much smaller than what is predicted
from the direct Coulomb repulsion model. Within this
model the initially produced doubly charged Ar + ions
are believed to undergo a charge exchange with a neigh-
bor Ar atom followed by a rapid Coulomb repulsion be-
tween the two singly charged Ar ions. The total kinetic
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FICz. 1. Kinetic-energy distributions of Ar ions desorbed
from argon layers of various thicknesses. The photon excitation
energy is 100 eV. The energy resolution of the analyzer is about
0.4 ev.
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FIG. 2. Kinetic-energy distributions of Ar+ ions desorbed
from 5 monolayers of condensed argon. The energy resolution
of the analyzer is about 0.2 eV. The photon excitation energy is
100 eV (upper curve) and 40 eV (lower curve).
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FIG. 3. Argon-layer potential-energy diagram illustrating the
direct Coulomb repulsion and relaxed Coulomb repulsion
desorption mechanisms. The Ar+Ar +

( II ) and Ar++Ar+
('X„+) potential-energy curves in the full line are taken from
Cachoncinlle et al. (Ref. 16). The potential-energy barrier of
about 2 eV at long distance for Ar+ ions to escape from the ar-
gon layer is indicated. The Ar++Ar+ limit energy is that of
the argon layer.

energy released is then expected to be 12.2 eV, i.e., the
difference between the formation energy of Ar + at 39.8
eV (Ref. 15) and that of Ar++Ar+ at 2X13.8 eV=27. 6
eV. ' Assuming that each Ar+ ion takes half of this ener-
gy (6.1 eV), the desorbed Ar+ ion would leave the sample
with a kinetic energy of about 4.1 eV after passing over
the potential-energy barrier of about 2 eV due to the
difference between the ionization energy of argon in the
solid (13.8 eV) and in the vacuum (15.8 eV). The actual
height of this energy barrier may be less than 2 eV if the
Ar+ ions are produced on the sample surface where the
ionization energy of argon is closer to that of argon in the
vacuum. The Coulomb repulsion model is schematically
represented in Fig. 3. The potential-energy curves are
taken from the recent calculations of Cachoncinlle
et al. ' by assuming that the atom-atom interactions cal-
culated for the ionic excimer Arz + are not modified in
the argon layers. Only potential-energy curves with the
IIg and 'X„+ symmetry are considered in Fig. 3, however

potential-energy curves with other symmetries are quali-
tatively similar. ' From the diagram of Fig. 3, the
desorption of Ar+ is considered to occur by tunneling
from the Ar+ Ar + potential-energy curve to the
Ar++Ar+ one. The expected kinetic energy of 4.1 eV
differs markedly from the kinetic-energy distributions of
Fig. 1 which have a maximum around 0.5 eV and hardly
extend beyond 2 eV except for the thinnest layer [2
monolayers (ML's)] which shows a much broader distri-
bution. From this result, it would be tempting to consid-
er an alternative desorption model in which the doubly
charged Arz + ionomer would capture an electron lead-
ing to the less repulsive singly charged Ar2+ ionomers.
However, this process is not likely to occur since the
Arz+ potential-energy curves' are not repulsive enough
to allow the Ar+ atom to overcome the 2-eV energy bar-
rier before desorption.

Considering in Fig. 1 the kinetic-energy distribution of

the 2-monolayer system we note that the high-energy
part lying in the 3 —4-eV range is quite compatible with
the previously predicted 4.1-eV kinetic energy. We em-
phasize that this high-energy tail of the kinetic-energy
distribution also exists for thicker samples although this
is not easily seen in Fig. 1 due to the occurrence of a
much larger signal at low kinetic energies of which the
intensity strongly increases with the sample thickness. It
is difficult to ascertain that two separate desorption
mechanisms, one corresponding to high kinetic energies
(=4. 1 eV) and the other one to low kinetic energies
(=0.5 eV), account for the observed kinetic-energy distri-
butions of Fig. 1. If this were the case, the first mecha-
nism, mainly visible in the 2-ML sample and giving rise
to high kinetic energies (3—4 eV), would consist in a
direct tunneling to the Ar++Ar+ repulsive potential-
energy curve. This mechanism will be referred to in the
following as the direct Coulomb repulsion mechanism.
In any case its intensity is quite weak, most probably due
to an unefficient tunneling to the Ar++Ar+ curve and to
a rapid Auger neutralization of Ar + and/or Ar+ ions.
By contrast the dominant mechanism gives rise to low
kinetic energies around 0.5 eV. Its intensity exponential-
ly increases with the sample thickness, indicating that
this slower desorption is strongly perturbed by interac-
tions with the platinum substrate for argon layers thinner
than 5 monolayers. This desorption mechanism which
will be called the relaxed Coulomb repulsion mechanism
is also ascribed to a transition from the Ar+ Ar +
potential-energy curve to the Ar++Ar+ one. However,
only a small amount of the initial electronic excitation
energy is transferred to the kinetic energy of the Ar+
ions. This may be due to the conversion of the initial
electronic energy into the evaporation of neutral atoms or
excitation of phonons by collisions or by vibronic cou-
pling. In this respect, the diatomic picture of Fig. 3 is
oversimplified and it would be worthwhile to consider the
dynamic response of larger systems including many more
argon atoms. This would also enable us to take into ac-
count the screening effect by other argon atoms which is
expected to weaken the Coulomb repulsion between Ar+
ions. An alternative explanation would consist in a radia-
tive transition from the Ar+Ar + potential-energy curve
to the Ar++Ar+ one (see Fig. 3). Such an emission has
been discussed recently by Cachoncinlle et al. ' and
should occur as a broadband around 183 nm (=6.8 eV).
This would reduce the total kinetic energy released from
12.2 to 5.4 eV. Within the same diatomic model that we
previously discussed, this would result in the desorption
of Ar+ ions having a kinetic energy of 0.7 eV. This ener-
gy coincides with that experimentally observed as the
center of the low-energy broadbands in Fig. 1. It is strik-
ing that the low-energy part of the kinetic-energy distri-
butions of desorbed Ar+ ions is well explained by a verti-
cal transition from the bound part of the upper
Ar+ Ar + potential-energy curve to the repulsive
Ar++Ar+ curve. This is somewhat similar to the case
encountered for neutral desorption from condensed rare
gases' although different ionic potential-energy curves
are involved here. We note that the relaxation of the sys-
tem via a vertical transition is in favor of the emission
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mechanism rather than the excitation of phonons since in
this latter case the electronic transition is not necessarily
vertical.

The intensity of the direct Coulomb repulsion process
(high kinetic energies) is much smaller than that of the
relaxed Coulomb repulsion process (low kinetic energies)
as long as the sample thickness is above 2 monolayers.
This is somewhat surprising since the relaxed process is
expected a priori to be slower than the direct process. It
seems, however, from the calculations of Cachoncinlle
et al. ' (see Fig. 3) that the Ar+Ar + and Ar++Ar+
potential-energy curves are noncrossing, which makes the
direct transition much less probable.

As seen in Fig. 1, the intensity of the relaxed Coulomb
repulsion process increases very rapidly with the sample
thickness up to about 5 monolayers and reaches a satura-
tion for thicker layers. This clearly cannot be ascribed to
a simple additive effect of the various monolayers and
most probably originates from the neutralization by the
platinum substrate. Assuming that the ion desorption
occurs from the outermost monolayer and that Auger
neutralization by the platinum is the main quenching
effect, one can derive an order of magnitude of the ex-
ponential factor b appearing in the Auger neutralization
rate I (x)= I o(x Ix0) exp[ b(x —x—0)].' From 2 to 3
monolayers, i.e., for x increasing =2.6 A, I (x) has to
be divided by a factor 100 in order to get the strong in-
creasing of the ion desorption signal seen in Fig. 1. This
leads to a value of b =2.3 A which is quite compatible
with expected values. ' We note that the Auger neutral-
ization may quench the initially produced Ar + ions as
well as the singly charged Ar+ ions resulting from the
Ar+Ar ~Ar++Ar+ transition. In this latter case,
the Auger neutralization is expected to be less effective
for high-kinetic-energy ions (direct process) than for
low-kinetic-energy Ar ions (relaxed process). We also
emphasize that a complete model should take into ac-
count other interactions with the platinum substrate such
as the image charge interactions.

It is interesting to compare the kinetic-energy distribu-
tions of desorbed Ar ions (Fig. 1) with those of Ar+
ions produced by 2p core excitation of argon clusters as
reported by Ruhl et al. The excitation mechanisms are
not identical in both cases, however one can reasonably
assume that an important part of the 2p core excited ar-
gon clusters relaxes to doubly charged ionized clusters. '

Riihl et al. reported that the Ar2++Ar+ ion pairs have a
kinetic-energy distribution with a maximum at an unex-
pectedly low value of 0.7+0.2 eV. Assuming that the
Ar+ ions take —', of this kinetic-energy, one obtains a
kinetic-energy distribution of the Ar ions with a max-
imum at 0.5 eV and a tail of a much reduced intensity ex-
tending up to about 4 eV. We note that these results are
very similar to those obtained from argon layers, at least
the thickest ones where the interaction with the platinum
substrate can be neglected. This indicates that the
desorption mechanisms that we have discussed for argon
layers may also be valid in explaining the dynamics of
doubly charged argon clusters.

We emphasize that the proposed ion desorption mech-
anisms are believed to hold for ion desorption originating

from double ionization. Double ionization is expected to
play a dominant role in ion desorption not only at high
energy ()60 eV) in the valence region but moreover in
the 2p core excitation region where the formation of
doubly charged ions is known in the gas phase to be the
dominant relaxation process. ' However, as mentioned in
the Introduction, ion desorption may also be produced at
lower excitation energies by other processes such as the
formation of exciton pairs or ionic valence satellite states.
In these latter cases, different desorption mechanisms
should probably be considered.

We showed in Fig. 2 a kinetic-energy distribution of
desorbed ions obtained at a photon energy of 40 eV
where the dominant excitation process is thought to be
the formation of ionic valence satellite states since double
photoionization of which the threshold energy is at 39.8
eV is negligible at 40 eV. This kinetic-energy distribu-
tion seems to be narrower and have a maximum at a
lower energy than the distribution at a photon energy of
100 eV also shown in Fig. 2. However this effect cannot
be unambiguously ascribed to the Ar+ ion desorption
since other impurity ions were also desorbed at a photon
energy of 40 eV. Impurity ions (masses 12, 13, and 19)
most probably originate from traces of hydrocarbon and
water molecules present in the gas inlet system. Their
relative intensity is very small at 100 eV where the cross
section for Ar desorption is about 10 times higher than
at 40 eV.

IV. CONCLUSION

Single photoionization in condensed multilayers of ar-
gon is known to produce no ion desorption whereas dou-
ble photoionization as well as some other two-electron
excitation processes do produce ion desorption. The ion
desorption produced by double ionization is thought to
be related to a transition from the attractive Ar+Ar +

potential-energy curve to the repulsive Ar++Ar+ one.
The strong repulsive character of this Ar++ Ar+ curve is
expected to provide enough kinetic energy for the ejected
Ar+ ions to overcome the potential-energy barrier before
desorption. On the contrary, the Ar+Ar+ potential-
energy curve is not repulsive enough to allow any ion
desorption. Within this model, the direct Coulomb
repulsion process was expected to give rise to an intense
signal of Ar+ ions having high kinetic energies around
4.1 eV. Such a Coulomb repulsion process has been in-
fered from fragmentation studies of doubly charged mole-
cules and He2 + dimers where ionic fragments having
high kinetic energies were observed.

We presented here measurements of kinetic-energy dis-
tributions of desorbed ions from rare-gas layers. The
main result is that kinetic energies are much smaller than
expected from the Coulomb repulsion model. At a pho-
ton energy of 100 eV the kinetic-energy distributions
have a maximum around 0.5 eV. This finding is in excel-
lent agreement with measured kinetic energies of ions
arising from the fragmentation of multiply charged argon
clusters. This is in favor of a relaxed Coulomb repulsion
process in which the relaxation preceding the ion desorp-
tion would occur either by a radiative electronic relaxa-
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tion, by evaporation of neutral atoms, or by excitation of
phonons. Recent calculations on the Ar +Ar + and
Ar++Ar+ potential-energy curves' indicate that a radi-
ative electronic relaxation may occur. However many
more experiments on the detection of possible photon
emission or neutral desorption are needed in order to
clarify the relaxation mechanisms. From the calculations
of Cachoncinlle et al. ,

' the lack of high-kinetic-energy
desorbed Ar+ ions arising from a direct Coulomb repul-
sion seems to be due to the noncrossing of the Ar+Ar
and Ar+ +Ar+ potential-energy curves. We think that
this is somewhat peculiar to the case of argon. In other
condensates the corresponding potential-energy curves
may well have a crossing point resulting in high-kinetic-
energy desorbed ions.

Kinetic-energy measurements were limited here to a
photon excitation energy of 100 eV and to small numbers
of argon multilayers for which only Ar ions are
desorbed. For other photon energies, thicker samples,
and/or other condensates, several ionic species are usual-
ly desorbed and the present experimental method cannot
be used. In such cases further experiments with simul-
taneous kinetic energy and mass analysis of photo-
desorbed ions will be needed.
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