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The ionization of xenon Rydberg atoms excited to the lowest states in the n=17 and n=20 Stark manifolds
at a flat Au�111� surface is investigated. Despite the strong perturbations in the energies and structure of the
atomic states that occur as the surface is approached, it is shown that, under appropriate conditions, each
incident atom can be detected as an ion and that the experimental data can be well fit by assuming that the
ionization rate on average increases exponentially as the surface is approached. The ionization rates are
compared to theoretical predictions.
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Charge exchange between atoms and surfaces is important
in many practical applications ranging from the catalytic pro-
cesses that occur in fuel cells to the operation of nanoscale
electronic devices. Rydberg atoms in which one electron is
excited to a state of large principal quantum number n pro-
vide a particularly sensitive probe of such charge exchange.
Because of their large physical size and weak binding Ryd-
berg atoms are strongly perturbed by the presence of a
nearby metal surface. Even relatively far from the surface,
the motion of the excited electron can be strongly influenced
by image charge interactions that distort the electronic wave
functions and shift the atomic energy levels. Furthermore,
ionization can occur through resonant tunneling of the ex-
cited electron into a vacant level in the metal which causes
the states to become very broad even relatively far from the
surface. Theoretical treatments of the problem are facilitated
because at such distances the Rydberg electron-surface inter-
action can be modeled by classical image interactions and
structural details of the surface, such as lateral corrugations,
are unimportant.

Initial theoretical studies focused on hydrogen Rydberg
atoms, first using perturbation methods �1�. More recently,
the complex scaling and time-dependent close-coupling tech-
niques have been used as well as the etalon equation method
�2–6�. These calculations provided insights into the changes
in the spatial characteristics of the states that occur as the
surface is approached. Hybridized “Stark-like” states are
formed, the electron probability density for some of which
are maximal towards the surface, others towards vacuum.
The tunneling rates, which depend critically on the overlap
between the electronic wave function and the surface, were
predicted to vary widely from state to state and to be many
orders of magnitude greater for states oriented toward the
surface. More recently, to permit direct comparison to ex-
perimental measurements, calculations for xenon Rydberg at-
oms have been undertaken �7–10�. These show that the
energy-level shifts associated with the perturbations intro-
duced by the surface can lead to crossings between neighbor-
ing levels as the surface is approached. If these crossings are
traversed adiabatically and the states involved have very dif-
ferent spatial characteristics, this can lead to dramatic
changes in the tunneling rate as the atom successively as-

sumes the character of states oriented towards and away
from the surface and loses much of its initial identity.

Experimental estimates of the atom-surface separation at
which ionization occurs, i.e., the ionization distance, were
obtained using alkali Rydberg atoms by measuring their
transmission through micrometer-sized slits or by observing
directly the ion signal resulting from their surface ionization
�11–13�. Detailed interpretation of the data, however, was
problematic because alkali deposition can lead to the produc-
tion of localized electric fields at a surface �14�. More re-
cently these problems have been circumvented by the use of
xenon Rydberg atoms which do not stick to, or react chemi-
cally with, a target surface permitting measurements under
stable well-defined conditions �10,15�. In initial studies, the
threshold distances at which ionization occurred were deter-
mined and found to be in reasonable accord with hydrogenic
theory. Subsequent experiments using Rydberg atoms ini-
tially prepared in states oriented towards and away from the
surface showed that such states ionize at similar atom-
surface separations, consistent with the curve crossing pic-
ture �7–10�. In the present work we extend these earlier mea-
surements by obtaining absolute surface ionization
efficiencies taking into account the radiative decay of Ryd-
berg atoms as they approach the surface. Model fits to the
data are used to estimate the electron tunneling rates and
their dependence on atom-surface separation, and these are
compared to theoretical predictions.

The present apparatus is shown in Fig. 1 and is described
in detail elsewhere �15,16�. Briefly, xenon Rydberg atoms are
directed at near grazing incidence onto a Au�111� target sur-
face. Ions formed by tunneling are attracted to the surface by
the electric field associated with their image charges. These
fields are large and will rapidly accelerate an ion to the sur-
face where it will be neutralized by an Auger process. To
prevent this, an ion collection field is applied perpendicular
to the surface. Because the initial image-charge field experi-
enced by an ion, and thus the external field required to coun-
teract it, depends on the atom-surface separation Z at which
ionization occurs, ionization distances can be inferred from
measurements of the surface ionization signal as a function
of the ion collection field.
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Xenon Rydberg atoms are created by photoexciting 3P0
atoms contained in a mixed Xe�3P0,2� metastable atom beam
that is produced by electron impact excitation of ground-
state atoms contained in a supersonic expansion. The beam is
tightly collimated by an 80-�m-wide aperture before striking
the target surface to obtain a well defined grazing angle of
incidence ��4°. The atoms are excited close to the surface
using the crossed output of an extracavity-doubled
CR899-21 Ti:sapphire laser that is polarized perpendicular to
the surface to selectively populate m=0 states. Experiments
are conducted in a pulsed mode by forming the output of the
�cw� laser into a train of pulses of �1 �s duration and
�5 kHz repetition frequency using an acousto-optic modu-
lator. Excitation occurs in a weak dc field to allow creation
of selected �oriented� Stark states. Here the lowest members
of the n=17 and n=20 Stark manifolds, which correlate with
the zero-field 17f and 20f states and are initially strongly
oriented towards the surface, are excited. Immediately fol-
lowing each laser pulse, a strong pulsed ion collection field
of �1 �s risetime and �20 �s duration is applied. Ions that
escape the surface are accelerated to a bell-mouthed channel-
tron for detection. �The probability that a Rydberg atom is
created by any laser pulse is small, �0.1, and data must be
accumulated following many laser pulses.� Because the
Rydberg-atom flight times to the surface from their point of
creation is typically �5 �s, time-of-flight techniques
coupled with arrival time gating can be used to discriminate
those ions produced in atom-surface interactions from those
produced by laser-induced photoionization or, if the ion col-
lection field is sufficiently large, by direct field ionization. If
tunneling occurs at an atom-surface separation Zi, the mini-
mum external field �in a.u.� that must be applied to prevent
the ion striking the surface and being lost is

Emin�Zi,T�� = � 1

2Zi
+�T�

Zi
�2

, �1�

where T�	mv�
2 /2 is the kinetic energy of the atom perpen-

dicular to the surface at the time of ionization. Thus by mea-

suring the surface ionization signal as a function of ion col-
lection field the range of ionization distances can be
deduced.

To obtain the absolute efficiency with which Rydberg at-
oms striking the surface are detected as ions the number of
Rydberg atoms incident on the surface must be determined.
This is governed by the number initially created by the laser
and the number lost through radiative decay during travel to
the surface. To measure the Rydberg atom production rate a
large pulsed electric field sufficient to field ionize the atoms
is applied immediately following excitation and the number
of resulting ions is observed. The lifetime of the Rydberg
atoms is obtained by monitoring the decrease in this signal as
the time delay between excitation and application of the ion-
izing field is increased. �To extend the time period over
which measurements could be undertaken without loss due
to collisions with the surface, the point at which Rydberg-
atom excitation occurred was moved far from the surface.�
The Rydberg-atom lifetime is strongly influenced by the
presence of the ion collection field. This is illustrated for n
=17 in Fig. 2 which shows the time evolution of the Rydberg
population for several different applied fields. In zero field
the lifetime is relatively short, �2.5 �s, consistent with ear-
lier measurements �17�. Application of even a modest elec-
tric field, however, results in a marked increase in lifetime
which for fields above �1 kV cm−1 becomes quite long,
�13 �s. Similar behavior is also seen for n=20, the lifetime
increasing to �20 �s at fields �500 V cm−1. The velocity
distribution of the incident atoms was determined by exciting
the Rydberg atoms a known distance from the surface and
observing the time dependence of the surface ion signal us-
ing a large ion-collection field. �The atom flight times to the
surface were kept relatively short ��5 �s� to reduce losses
associated with radiative decay.� The measured velocity dis-
tribution is shown in the inset in Fig. 3 and peaks at a veloc-
ity of �4�104 cm s−1.

Figure 3 shows the applied-field dependence of the sur-
face ion signal observed when xenon n=17 and n=20 Ryd-
berg atoms are incident on the flat Au�111� target surface.
The ion signal is normalized to the number of Rydberg atoms

FIG. 1. Schematic diagram of the apparatus.

FIG. 2. Time evolution of the population of Xe �n=17� atoms
in fields of: �, 0 V cm−1; �, 200 V cm−1; �, 1 kV cm−1;
�, 2 kV cm−1; and �, 3 kV cm−1. Each data set is normalized to
the number of Rydberg atoms initially created. The lines correspond
to lifetimes of: �——� 2.5 �s; �– – –� 5.6 �s; and �- - - -� 13 �s.
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that initially impact the surface. The error bars indicate the
experimental uncertainty. This results from both statistical
error and from a number of small systematic effects that are
associated with scanning the �pulsed� ion collection field.
This leads to changes in the residual field present in the
experimental volume at the time of photoexcitation which
can change the photoexcitation rate. Also included in Fig. 3
are the results of earlier measurements �10� that have been
normalized to the present data. The data show that each in-
cident atom undergoes surface ionization forming an ion that
can, with sufficiently large collection fields, be detected with
essentially unit efficiency. The sudden decrease in surface
ion signal evident at large applied fields is due to direct field
ionization of the Rydberg atoms in vacuum before they reach
the surface.

The critical threshold fields Ec at which surface ionization
signals are first detected are similar to those seen in earlier
studies �10,15�. As discussed previously, these correspond to
ionization distances of �4.5 n2 a.u. In the present work,
rather than simply considering the threshold fields, the entire
surface ionization profile is modeled to examine how the

ionization rate varies with atom-surface separation.
The probability that an incident ion will ionize at atom-

surface separations in the range Z→Z−dZ, i.e., in the corre-
sponding time interval t→ t+dt, is given by

dP = − P�Z,E,�����Z,E�dt = − P�Z,E,�����Z,E�
dZ


��

,

�2�

where P�Z ,E ,��� is the probability for an incident atom to
survive passage to a distance Z from the surface and ��Z ,E�
is tunneling rate, i.e., the width of the state, at this point.
Integration yields

P�Z,E,��� = exp�− �
Z

� ��Z�,E�

��


dZ�
 . �3�

�As will be discussed, the width of the state, and thus the
survival probability, is influenced by the presence of the ion
collection field E.� The fraction of incident atoms with some
initial perpendicular velocity �� that undergo ionization be-
fore approaching within some critical distance Zcrit is given
by 1− P�Zcrit ,E ,���. Taking into account the distribution
f���� of atomic velocities perpendicular to the surface,
which can be obtained from the Rydberg-atom velocity dis-
tribution, the fraction of incident Rydberg atoms that will be
detected as ions using an ion collection field E may then be
written

F�E� = �
0

�

f�����1 − P�Zcrit,E,����d��, �4�

where Zcrit is related to E and �� by Eq. �1�, i.e.,

Zcrit =
T�

4E
�1 +�1 +

2�E

T�


2

. �5�

Substitution for P�Zcrit ,E ,��� in Eq. �4� yields

F�E� = 1 − �
0

�

f����exp�− �
Zcrit�E,���

� ��Z�,E�

��


dZ�
d��.

�6�

To test the role that the velocity distribution f���� plays
on the buildup of the surface ion signal, calculations were
undertaken assuming that the ionization rate ��Z� ,E� can be
represented by a “steplike” function

��Z�,E� = 0 Z� � Zs

= � Z� 	 Zs, �7�

i.e., assuming that ionization occurs at a specific fixed dis-
tance Zs from the surface. The results of calculations em-
ploying such a form for ��Z� ,E� are presented in Fig. 3 for
several values of Zs. Although the distribution in �� broad-
ens the onset in the surface ionization signal it is clear that
this distribution by itself cannot account for the experimental
observations and that ionization must occur over a range of
atom-surface separations. �As Rydberg atoms approach the
surface they experience an attractive force due to the dipole-

FIG. 3. Applied field dependence of the surface ion signals mea-
sured for �a� Xe �n=17� and �b� Xe �n=20� atoms. The present
measurements ��� are normalized to the number of atoms that
strike the target surface �see text�. Results of earlier measurements
��� �10� are included and are normalized to the present data. The
solid lines show the results of model calculations undertaken as-
suming that ionization occurs at atom-surface separations Zs of:
�· · · · � 800 a.u.; �- - -� 1000 a.u.; � — — � 1200 a.u.; �— - — - �
1400 a.u.; �——� 1600 a.u.; �– - – -� 1800 a.u.; and �— —�
2200 a.u. �see text�. The velocity distribution of the incident atoms
is shown in the inset.
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induced dipole interaction. Calculations, however, show that
this leads to only small increases in �� prior to ionization
that are not important for the present analysis.�

The experimental data are fit by assuming that, on aver-
age, the ionization rate simply increases exponentially as the
surface is approached and can be written as

��Z�,E� = �0 exp�−
Z��1 − kE0�

Zdecay

 , �8�

where E0	n4E is the ion collection field classically scaled to
the principal quantum number of the incident atoms and �0,
Zdecay, and k are constants. Use of such an expression is
suggested by hydrogenic theory which indicates that the
widths of many hydrogenic states initially increase exponen-
tially as the atom-surface separation decreases. The situation
for xenon is more complex, because for n=17 and n=20, the
critical threshold ion collection fields Ec are greater than the
fields at which states in neighboring Stark manifolds first
cross. In this regime the strong perturbations in the energies
and structure of the atomic states induced by the presence of
the surface lead to a series of avoided crossings as the sur-
face is approached �10�. If these are traversed adiabatically
the width of a particular initial state will undergo dramatic
changes as the atom successively assumes the character of
states oriented towards and away from the surface. However,
given a sizable number of such crossings it is not unreason-
able to approximate the ionization rate by some more slowly

varying overall average. �If the avoided crossings are tra-
versed partially adiabatically and partially diabatically differ-
ent incident atoms will evolve along different paths but at-
oms following each path will again transition between states
oriented towards and away from the surface.�

The factor �1−kE0� included in Eq. �8� recognizes that the
presence of the ion collection field increases the ionization
rate at a given atom-surface separation Z �by lowering the
potential barrier between the atom and surface� or, equiva-
lently, that a particular ionization rate is obtained further
from the surface. The value of k is derived from earlier cal-
culations of the field dependence of the ionization rates for
selected n=10 and n=13 hydrogenic states �3,15�. These
point to a near linear increase with field in the separation at
which a given ionization rate is achieved and show that,
when the field is expressed in scaled units, k is approxi-
mately constant and given by k=4.2�10−7 cm kV−1. Fits to
the experimental data obtained using this value of k and the
expression for � in Eq. �8� are presented in Figs. 4�a� and
5�a�. The corresponding ionization rates are shown in Figs.
4�b� and 5�b� as a function of atom-surface separation for
representative values of the applied field. The dashed lines
provide a measure of the uncertainties in the calculated rates.

FIG. 4. �a� —–, optimized fit to the experimental data for �a� Xe
�n=17� atoms assuming an ionization rate of the form in Eq. �8�.
�b� —–, ionization rates determined from the fit as a function of
atom-surface separation for the applied fields indicated. The dashed
lines indicate the uncertainties in these rates �see text�.

FIG. 5. �a� ——, optimized fit to the experimental data for Xe
�n=20� atoms assuming an ionization rate of the form Eq. �8�. �b�
—–, ionization rates determined from the fit as a function of atom-
surface separation for the applied fields indicated. The dashed lines
indicate the uncertainties in these rates �see text�. The inset shows
the most probable ionization distances measured in this work ���
and calculated using hydrogenic theory ��� �Ref. �6�� as a function
of n. The solid line indicates 3.4n2 scaling.
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These were estimated by assuming systematic errors of
+10% and −10% in the measured normalized ion signals
�equal to the anticipated experimental uncertainty� and fitting
the resultant data sets.

It is interesting to compare the inferred ionization rates
with theoretical predictions. The characteristic decay lengths
Zdecay obtained from the fits, �230 a.u. for n=17 and
�285 a.u. for n=20, are much larger than those suggested by
the etalon equation method which for the extreme H�n=20�
m=0, n1=0 Stark state amount to �25–30 a.u. �6�. Such
decay lengths would result in very rapid onsets in the ioniza-
tion signal similar to those shown in Fig. 3 for ionization at
fixed atom-surface separations Zs. This discrepancy between
hydrogenic theory and experiment cannot be attributed to
experimental artifacts. While the presence of stray fields at
the surface could lead to a broadening of the onset, such
fields are believed to be unimportant because the data have
been reproduced using different surfaces and because the
broadening for n=20 sets an upper limit on the size of such
fields of �±400 V cm−1, which is much too small to account
for the broadening seen at n=17 �and n=15 �10��. Further-
more, the discrepancy cannot be associated with the choice
of k in Eq. �8� as tests show that the values of Zdecay derived
from fitting the data are insensitive to the exact value of k.
The differences therefore must be attributed to the complex
evolution of xenon Rydberg atoms as the surface is ap-
proached. Earlier calculations �7–10� have shown that
avoided crossings lead to dramatic variations in the width of
individual states, which no longer simply increase monotoni-
cally with decreasing atom-surface separation. Detailed cal-
culations �10� of these variations have been undertaken for
adiabatic evolution of the zero-field Xe�15f� state. If these
are “averaged” by an exponential the resulting decay length,
Zdecay�100 a.u., is in better accord with the present mea-
sured values.

Given the avoided crossings that occur as a xenon Ryd-
berg atom approaches the surface, it is reasonable to expect
that the atom-surface separations at which ionization is most
probable, i.e., where d2P /dZ2=0, might be comparable to

those for the more strongly surface oriented hydrogenic
states because, sufficiently close to the surface, once an atom
assumes the character of such a state ionization will be rapid.
In zero applied field, the most probable ionization distance is
given by

Z = − Zdecay ln

��


Zdecay�0
. �9�

For n=17 and n=20 these distances are �875 and
�1300 a.u., respectively, assuming ���29 ms−1. These are
plotted in the inset in Fig. 5 together with ionization dis-
tances calculated using hydrogenic theory for the most
strongly surface oriented m=0, n1=0 Stark states �6�. The
calculated values increase as 3.4n2, i.e., as the geometrical
size of the atom, consistent with the n2 scaling observed in
earlier studies of ionization thresholds. The good agreement
between theory and experiment is encouraging.

The present work demonstrates that charge transfer during
atom-surface collisions is strongly influenced by surface-
induced perturbations in the energies and structure of the
atomic states. Rydberg atoms provide a powerful probe of
such effects and into the behavior of atoms near surfaces in
general. Although this work focused on thick gold samples,
studies with very thin �1–10 nm� conducting films grown
epitaxially on insulating substrates are also of interest. Cal-
culations suggest that for such films quantum size effects
become important and can strongly influence tunneling rates
�18,19�.
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