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The interaction between high-n Rydberg states of molecular hydrogen and metal
surfaces has been investigated for the first time. Rydberg states of hydrogen possessing either 0 or 2 units of rotational angular momentum, defined by the quantum number N+ , and principal quantum numbers in the range n = 17 22 (for
the N+ = 2 states) and n =41-45 (for the N+ = 0 states) are directed at a
grazing angle onto a metal surface (gold or aluminium). At a sufficiently close
distance ionisation may occur via tunnelling of the Rydberg electron into the vacant metal conduction band. Any ions formed in the vicinity of the metal are
extracted by the application of an electric field and information about the distance at which the ions are formed can be inferred from the magnitude of the
applied field required for detection.
Two novel effects are observed. Firstly, it appears that the rotation of the H2 +
core has a significant effect on the ionisation properties of the Rydberg states in
a manner akin to rotational autoionisation, such that the rotational energy of the
core is given up to the Rydberg electron. Secondly, the surface ionisation profiles
do not vary smoothly with applied field suggesting that at certain fields the feasibility of ionisation is either enhanced or reduced. A preliminary discussion of
the origin of the structure is presented in terms of the crossings in the Stark map
between the N+ = 0 and N+ = 2 Stark manifolds.
The development of a theoretical model, and an associated Fortran program,
involving the technique of complex scaling is also reported. The hydrogen molecules are modeled using an atomic hydrogen system which provides a good first
approximation to the behaviour of the Rydberg electron for states with n > 5.
Energies and linewidths, for states with principal quantum number n = 6 9
interacting with a model surface, are explicitly calculated at a range of surface
separations. From this information, predictions of the ionisation behaviour expected for states of higher principal quantum number are presented.
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What is a scientist after all?
It is a curious man looking through
a keyhole, the keyhole of nature,
trying to know what's going on.

JACQUES COUSTEAU

CHAPTER

ONE____
Introduction
The interaction of particles (atoms, molecules and ions) and solid surfaces is of
considerable interest both theoretically and experimentally The interactions play
a fundamental role in various applied fields such as heterogeneous catalysis, material processing and astrophysics. Additionally the scattering of ions on surfaces
is frequently used to probe the composition of surfaces and to determine both
surface structure and the location of adsorbates. Previous experimental work,
however, has focused on the interaction of atoms, ions and ground state molecules with surfaces. This thesis describes a novel experiment to study the interaction between electronically excited molecules, in this case molecular hydrogen,
and metallic surfaces. Molecular Rydberg states are ideal candidates for such an
investigation due to their large physical size, and the resulting weak binding of
the outermost electron, which makes them particularly sensitive to the electric
fields present at the metal-vacuum interface. In the work presented here, charge
transfer between hydrogen Rydberg molecules and metals has been observed for
the first time and the results are presented in Chapter 4.
The following sections serve as an introduction to the topic of charge transfer
at surfaces together with a detailed review of the particular properties of high-n
Rydberg states that were utilised in this work.

1.1

Charge transfer at surfaces

The interaction of an atom, ion or molecule with a surface is usually accompanied
by inelastic processes and in the majority of cases these are manifested as charge
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Figure 1.1: One-electron energy level diagram illustrating the perturbation of the Rydberg electron level as the atom approaches the surface. Z is the separation between the
atom/molecule core and the metal surface while (p is the work function of the metal. The dotted
line represents the change in the energy of the state as the surface is approached assuming it
has no width - that is the midpoint of the energy profile.

exchange between the incident projectile and the surface. The charge transfer
mechanisms were first summarised in the 1950s by Hagstrum [1] who successfully used this phenomenon, originally reported by Oliphant [2], to develop ion
neutralization spectroscopy (INS) [3]. Other applications include a detection system used in atomic clocks which relies on the ionisation of 133Cs beams at surfaces
[4], and surface profiling using high energy ion beams in secondary ion mass
spectrometry (SIMS) [5, 6]. More recently the applications of ion-surface scattering for the generation of H~ ions used in fusion plasmas has increased interest
[7]. A general review of the charge transfer processes occurring in atom and ion
beam scattering at surfaces is presented by Los and Geerlings [8].
In the investigations which follow it is feasible that ionisation of the outermost electron may occur via a process of resonant electron tunnelling whereby
the electron tunnels through the potential barrier and occupies a vacant level in
the metal. The one-electron energy-level diagram shown in Figure 1.1 illustrates
a simplistic representation of the energetics involved in the transfer of the electron from an atom to a metal surface. The vacuum level indicates the zero energy
level for completely removing an electron from the atom. The far right side of the
diagram, (c), represents the energy level of the state when the ionic core is located
at an infinite distance from the surface. The left hand side of the diagram, (M),
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represents the occupied electronic states of the metal surface, where the difference
in energy between the Fermi level and the vacuum level is the work function of
the metal, (p.
The probability of ionisation is dictated by the degree of overlap between the
atomic and metallic wavefunctions. When the atom/molecule core is located at
a great distance from the surface (large Z, (c)) there is minimal overlap and as
such the probability of ionisation is very low. The atomic energy levels are essentially discrete. However, as the core approaches the surface (Z decreases, (b))
the probability of ionisation increases as the barrier lowers and its width narrows. Transfer of the electron into the empty conduction band of the metal by
electron tunnelling ((a)+(M)) is now more facile. Consequently the lifetime of
the levels becomes finite and, in accord with Heisenberg's uncertainty principle,
there is a width associated with each level. The smaller core-surface separation
also leads to an increased interaction between the valence electron and the delocalised charges in the metal. The effect of this interaction is to raise the energy of
the atomic levels. As such the overall result of approaching the surface is both a
broadening of levels and an energy shift.

1.1.1

Previous investigations involving atomic Rydberg states

One area that has received particular attention involves the interaction of Rydberg atoms with surfaces. Rydberg states are ideal candidates for investigations
of charge transfer phenomena due to the weak binding of the outermost electron
which is manifested in high sensitivity to electric field effects. Studies have focused on the determination of the atom/surface separation at which ionisation
occurs. The first experimental estimate of the atom/surface separation required
for ionisation to occur was obtained by Fabre et al [9] in 1983. They performed
experiments where a beam of sodium Rydberg atoms passed through a metallic (gold) grating made up of an array of micrometre slits. More recently similar
experiments, by Kocher and co-workers [10, 11], using lithium Rydberg atoms
and mesh grids have suggested that the previous estimates for the atom/surface
ionisation distance may be incorrect due to the effect of surface deposition. It
was found that the survival probability of the Rydberg states was greatly dependent upon the degree of sub-monolayer accumulations. The absorbed species
can produce localised fields which lead to perturbations and ionisation. Other
investigations using alkali atoms have been performed, and, most notably, the
work of Dunning et al [12] was the first to investigate the interaction of an atomic
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Rydberg beam (potassium atoms) at a near-grazing incidence with a solid target
surface. However, all of these approaches suffer from the problem of alkali metal
deposition on the surface.
Once again it was the work of Dunning et al that successfully addressed this
issue. In order to provide a more controlled surface environment they repeated
their earlier experiments using xenon Rydberg atoms under ultra-high-vacuum
(UHV) conditions [13]. They used an Au(lll) mirror as a target surface and efficient surface ionisation was observed. A field was applied such that any ions
formed at the surface were pulled away towards a detector. The closer the ionisation occurred relative to the surface, the greater the field required to detect the
ions. It was found that the atom/surface separation at which ionisation occurred
scaled approximately with the atomic radius of the Rydberg state. In fact, in the
range of quantum numbers investigated, (13 < n < 20), ionisation was found to
occur at a separation Zz = (4.5 ± 0.9) n2ciQ. This is of comparable magnitude to
the theoretically determined value, Zz ~ 3.8n2aQ, calculated using ab initio hydrogenie theory [14]. They also noted that if the states were populated in a field the
position of ionisation had little or no dependence on the electron density distribution of the state initially populated (see Section 1.4 for a more detailed discussion
of the effect of electric fields on Rydberg energy levels). This was explained by
Zhou et al [15] by assuming that the states pass through energy level crossings
adiabatically as the surface is approached. Consequently the exact character of
the state, whether initially blue or red shifted in the field, becomes scrambled
prior to ionisation. The behaviour of Rydberg states in the presence of a field is
discussed later in Section 1.4.

1.1.2

Molecular interactions

The extension of these experimental investigations to molecular Rydberg states introduces to the system the possibility that internal couplings between the bound
states and the ionisation continua may exist. Such couplings may be mediated
due to the presence of charges in the surface and their associated fields. These
charges arise in response to the location of the ion core and electron outside the
surface and as such are termed "image charges" (see Chapter 2 for further discussion). The molecular ion core (H2 + in the work presented here) possesses
vibrational and rotational degrees of freedom and their presence may lead to
processes which are facilitated by channel interactions, such as predissociation
or auto-ionisation (see Section 1.3.3), to occur competitively with the tunnelling

Molecular Rydberg states 1.2

1. Introduction

ionisation at the surface. There is also a greater chemical interest in using species
other than rare gas or alkali metal atoms for these studies, in that the products of
tunnelling ionisation (H2 + ) or dissociation (H atoms) could potentially become
involved in secondary chemical processes at the surface. It is also feasible that
reaction could be induced between the incident molecule and adsorbates on the
surface. For example such a reaction could proceed via the transfer of the Rydberg electronic energy into the breaking of a chemical bond, followed by secondary reaction with the incident molecule.

1.2

Molecular Rydberg states

A Rydberg state can be described as a state in which one (or more) valence electron^) has been excited into a hydrogenic orbital of high principal number, n,
such that the average separation between the core and the electron is high. The
properties of these Rydberg states are unusual compared to their ground state
counterparts and stem from the almost macroscopic dimensions of the orbital radius. The property that has most relevance to the work in this thesis is the high
susceptibility of the Rydberg electron to the presence of external electric fields.

1.2.1

A brief history of Rydberg spectroscopy

Although Rydberg1 did not collect any experimental data himself, he had available to him several spectral lines of hydrogen (now know as the Balmer series)
and data for the alkali metals, all of which lay well within the visible spectrum.
The hydrogen lines had been identified in 1885, by Johann Balmer, as being wellcharacterised by the formula A oc n2 / (n2 — 22) [17], but Rydberg was unaware of
this when his study began. Using his extended data set he was able to generalize
Balmer's form of the transition frequency and the, now familiar, result is shown
in Equation 1.1. His results and workings were published in 1889 [18].
nil
(m2 - c2 )

1.1

The names of the variables are presented using Rydberg's original choice of symbols: n is the wavenumber of the emitted light, NO (again in wavenumbers) is the
constant now known as the Rydberg constant and mi and m2 are positive integers.
l As an aside, for an interesting discussion of Rydberg's life and work see [16].
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The additional constants c\ are the only modification necessary to extend the hydrogenic formula to the analysis of alkali spectra. While initially believed to be
purely experimentally determined constants, it was later found that the constants
Ci do have a meaning in theoretical approaches to the problem (see Section 1.2.3).
With sufficiently accurate spectroscopic methods, deviations from the general
formula above began to emerge, reflecting a variety of perturbative effects that
would be difficult to detect using ground state systems. However the separation between the lines of a hydrogenic energy spectrum diminishes rapidly with
increasing principal quantum number, n, as 1/n3 . Consequently the difference
between the energy levels with n = 99 and n = 100 is already less than 1 cm" 1 .
Selective excitation of a particular state in the presence of a small external field
demands even greater control over the energy and linewidth of the incident light
due to the lifting of the degeneracy of states with identical principal quantum
number, n, but different angular momentum quantum number, /. The extraction
of detailed structure within the Rydberg spectrum, and subsequent investigations
whereby a particular state is selectively populated, has therefore been dependent
upon advances in the efficiency with which light can be produced at both high intensity and narrow bandwidth. A further complication arises from the necessity
of working under vacuum conditions due to the absorption of radiation by background gas particles in the ultraviolet [19], where transitions to Rydberg states of
atoms and small molecules are most commonly observed.
It is therefore understandable that high-resolution Rydberg spectroscopy (of
the order of AE <1 cm" 1 ) was not practical until the 1970s. The earliest highresolution discrete absorption spectrum of molecular hydrogen was that conducted by Herzberg [20], and the first continuum spectrum was that of Dehmer
and Chupka [21].
Further improvement in experimental procedure and equipment has continued and examples include the use of high-intensity synchrotron radiation sources
and the introduction of narrow bandwidth laser sources extending far into the
ultraviolet through the use of tunable lasers, frequency doubling and efficient
higher harmonic generation (see for example [22]).
As such state-selective population of Rydberg atoms and molecules is feasible
with a high level of control. This fact, coupled with the physical properties of
the Rydberg states, discussed below, make them ideal candidates for the study of
many chemical and physical phenomena. For a survey of their possible applications see the reviews [23] and [24].
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1.2.2 The classical picture
n+l
Low-/ state

n+l

High-/ state
Figure 1.2: The classical picture of a Rydberg orbit and its dependence on the electron quan
tum numbers, n and I. The penetration of the core exhibited by the low-l states is also depicted.
The coordinates ra and rp are also shown.

In the classical model a molecular Rydberg state can be described as an electron orbiting a molecular core where the orbital has sufficiently large mean radius
that for the majority of a single orbit the electron experiences only the electrostatic
potential due to a single positive point charge which represents the ionic core. As
such it experiences the same potential as if it were in a hydrogen atom. The path
of this elliptical orbit, first proposed by Sommerfeld [25], which has the ion core
at one focus, can be characterised by both the principal quantum number, n, and
the orbital angular momentum, /, of the Rydberg electron. The perihelion, rp , is
/

\ 2

proportional to (/ + \ j and the aphelion, ra , proportional to n2 . The difference
between low-/ and high-/ orbits and the effect on the orbit of populating a state of
higher principal quantum number is shown in Figure 1.2. These properties will
be discussed further when considering the molecular Rydberg energy levels.
It is evident that the aphelion will increase rapidly with the principal quantum number and this is just one of many physical properties of Rydberg states
that varies dramatically as the value of n is increased. Much of the behaviour
that makes Rydberg states so fascinating is due to the scaling of these physi-
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property
radius ra
binding energy
degeneracy
orbital period
radiative lifetime
energy between adjacent n states
polarisability

scaling factor
n2
-2
n
n
n
n3
-3
n
n7

Table 1.1: Properties of Rydberg states which scale with the principal quantum number, n.

cal properties with the electron principal quantum number, and it is this which
forms the basis for the growing number of applications of Rydberg states in experimental chemical physics including the preparation of state selected ions [26],
studies of ion molecule reactions [27] and, more recently, translational control
of atoms [28, 29, 30] and the preparation and study of cold molecules [31, 32].
These physical properties are dependent on the electron probability distribution
and consequently the functional form of the radial wavefunction Rn\ (r). However, although it may seem too much of a simplification to use the classical Bohr
model of the hydrogen atom [33] to determine the scaling of physical properties
that are dependent on the quantum mechanical wavefunctions, previous experiments have found the classical model to provide accurate prediction of observed
behaviour (see for example [34,35]). A summary of some of the properties of Rydberg states that scale as a function of the principal quantum number, n, is given
in Table 1.1. It is of interest to note that even for a Rydberg state with principal
quantum number n = 17 the diameter, 2ra , of the Rydberg electron orbit is equal
to 30.5 nm. It is this near macroscopic proportion that leads to Rydberg states exhibiting high sensitivity to effects such as electromagnetic fields and which make
them ideal candidates for the investigations presented here.
It is also prudent to realise that there are many further properties of Rydberg
states, chiefly associated with excitation and decay, that are dependent upon the
electron-core interaction and not solely the expanse of the Rydberg electron orbit. The classical model does not accurately describe the region where the electron penetrates the core and as such these properties cannot be directly scaled as
above. However, as a first approximation, the probability of processes such as
radiative decay can be associated with the proportion of time spent in the core
region, that is the inverse of the Bohr frequency, and hence scale as n3 .
8
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1 .2.3

Rydberg series

In the case of the hydrogenic Rydberg states the solution to the Schrodinger equation leads to the well-known result

nz
where KM is the Rydberg constant. This constant is dependent upon the reduced
mass of the system. In the case of atomic hydrogen it takes the value KH
109667cm" 1 . Evidently the energy is dependent solely on the principal quantum
number, n, and the states form a series that converges to the ionisatidh threshold
as n —> oo.
In non-hydrogenic systems such as many-electron atoms, where the potential
experienced by the Rydberg electron is not purely Coulombic, the degeneracy of
states with the same principal quantum number, n, but different angular momentum quantum number, /, is lifted. This arises as the degree of penetration of the
electronic wavefunction in the core region decreases rapidly with increasing / as
the centrifugal barrier, given by / (/ + 1) /2r2, rises rapidly. The classical depiction of this effect is shown in Figure 1.2. As a result the electron is exposed to an
increased core charge as / decreases, relative to higher-/ states, and only higher /
states behave in a predominantly hydrogenic way. This modified behaviour gives
rise to an /-dependent quantum defect, d\, which although originally thought of
as an experimentally determined parameter [18] does have a basis in quantum
mechanical analysis [36]. It represents a phase-shift in the radial component of
the total wavefunction of the Rydberg electron such that the wavefunction more
accurately describes the electron probability distribution in the core region, that
is at small r. This is illustrated below in Figure 1.3.
Typically the quantum defect is larger for lower / values, scaling as /~5 [37]
and can be assumed to effectively vanish for non-penetrating high-/ states (/ > 4) .
Due to the lifting of the degeneracy of states of identical n but different / there are
now several Rydberg series which converge to a given ionisation threshold. The
energy of a state in these series is given by the Rydberg formula [18] presented in
its more familiar form
2-

In the case of molecular Rydberg states the motion of the core must also be
taken into account. If one treats the Rydberg state as a Rydberg electron moving
independently of the ionic core then, as previously, the electron motion can be
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core
(a)

Figure 1.3: Illustration of the quantum defect, d\, associated with the phase shift of the hydrogenic wavefunction (b) such that it more accurately describes the true wave/unction (a) in
the core region.

characterised by the hydrogenic quantum numbers n and /. The ionic core is also
considered to vibrate and rotate independently of the Rydberg electron motion
and can be characterised by the rotational and vibrational quantum numbers N+
and v+ . The energy of the Rydberg state, in the absence of perturbations between
states with different core or angular momenta, is now calculated as the sum of
two terms
N+v+'n'1

(n - ^) 2

where IP (N+ v+ ) is the energy associated with the threshold for ionisation from
the ground state of the molecule to an ion with specific rotational and vibrational
character. As a result several series converging to different ionisation thresholds
exist, dependent upon the rovibrational quantum numbers of the core. Each series contains Rydberg states where the principal quantum number of the Rydberg
electron changes but which share identical core and electron angular momentum
quantum numbers. Several such series converging to ionisation thresholds associated with different core rotational angular momentum quantum numbers,
N+ , are shown in Figure 1.4. Each series can now be thought of as forming a
channel to a given ionisation threshold and it is possible that interactions between these channels may occur. This phenomenon is discussed in more detail in
Section 1.3.3.
10
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N+=2
/=0
/=0

1=1

1=1

1=2

1=2

Figure 1.4: Schematic representation of a number of Rydberg channels, in this case identified
by the core rotational quantum number, N+ . Each channel comprises a group of Rydberg
series converging to a single ionisation threshold.

1.2.4

Rydberg energy levels in diatomic molecules

The description of Rydberg series given above, and encompassed in Equation 1.4,
is associated with the limiting case where the ionic core charge distribution is
assumed to be isotropic. In reality the coupling between the rotational motion
of the core and the electronic angular momentum is sensitive to the excitation
of the Rydberg electron. The electron undergoes a gradual transition from the
low-n case of being strongly coupled to the internuclear axis to the high-n case
where the electronic angular momentum decouples from the symmetry axis and
is instead quantized along the ionic core's axis of rotation. This shift in behaviour
can be understood by considering the fact that this coupling is facilitated by the
electrostatic field of the core charges. Consequently when the Rydberg electron is
in close proximity to the core, coupling will be strong. As the principal quantum
number increases, so too does the extent of the Rydberg electron orbital. Similarly
the proportion of time the Rydberg electron spends in the core region decreases
with increasing n and so the strength of the interaction decreases. The limits of
these two situations are referred to as Hund's case (b) coupling and Hund's case
(d) coupling respectively. For the np states of H2 it has been reported that this
transition from case (b) to case (d) occurs at approximately n = 9 [38] while high/ states (/ > 3), with principal quantum number n > 4, are already well described
by case (d) [39]. When considering the coupling of angular momenta in diatomics
four different kinds of angular momentum arise. These are the orbital angular
momentum of the electrons, L, the nuclear rotational angular momentum, R, the
spin angular momentum of the electrons, S, and the nuclear spin, I. The last of
11
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case (b)

case (d)

A '
Figure 1.5: Schematic representations of Hund's case (b) and Hund's case (d) coupling
schemes as described in the text.

these is neglected in the discussion which follows. Coupling of these angular
momenta may also give rise to N, the total angular momentum vector neglecting
the spin of the electrons, and J, the total angular momentum vector including
spin. Finally the projection of the electron angular momentum along the internuclear axis is labelled A.
In the case where there is essentially very little interaction between the Rydberg electron and the ion core Hund's case (d) is a sufficient zero-order description of the system. The Rydberg electron orbital angular momentum, L, does not
couple to the internuclear axis but instead couples directly to the axis of rotation
of the molecule, R. The angular momentum of nuclear rotation is now quantized
and N+ , the core rotation quantum number becomes "good". The angular momentum quantum number, /, of the Rydberg electron remains well defined and,
assuming S is equal to zero, the total angular momentum quantum number, /,
take the values
/, N+ + / - 1, N+ + / - 2,..., | N+ - I \.

1.5

The Rydberg states form series that converge at distinct ionisation limits and are
labelled (nlN+ )j as is essentially the case in the preceding section and Figure 1.4.
In Hund's case (b), the projection of the orbital angular momentum along the
internuclear axis, A, is strongly coupled to the angular momentum of nuclear rotation, R, to give N. This in turn couples to the spin angular momentum, S, which
is zero for the singlet states considered in this work, to give J. A quantum num12
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ber, A, may be defined where A = \core + A. (In the case of Rydberg states A, the
projection of the Rydberg electron orbital angular momentum, is well defined).
In the present case, of hydrogen Rydberg molecules, \core = 0 and so A = A. The
molecular states are then labelled with the usual molecular term symbols, where
the symbols L, IT and A represent A = 0,1 and 2 respectively. For example, states
arising from an nd electron are labelled a Z+ l ng and l &g . As in Hund's case (d)
each state, \nl\) also has associated rotational levels corresponding to the different values of the total angular momentum quantum number /. These two distinct
cases are summarised in Figure 1.5.
In the range n = 6 — 10 the coupling is mixed and it is likely that neither case
gives an adequate description of the situation.

1.3

Lifetimes of Rydberg molecules

Implicit in the fact that Rydberg states are generated by the excitation of one electron into a higher energy orbital is that they are unstable with respect to decay
to a lower energy state. In the case of atoms this decay is governed primarily
by radiative processes, namely black-body radiation stimulated transitions and
spontaneous emission, while for molecules, alternative, non-radiative processes
exist such as predissociation. In order to perform experiments with these species
it is essential that they are stable during the course of the experiment with respect
to these decay processes. This is especially important in the collisional surface experiments detailed later as the Rydberg states must survive for 10 15 jis in order
to reach the surface.

1.3.1

Spontaneous emission

A Rydberg state may emit a photon of energy ha> corresponding to the electron
spontaneously decaying to a state of lower energy. The overall decay rate of a
state n I) decaying to a lower lying state n'l'} is given by
n'l'

AnifH>i>

1.6

where A n//n/// is the Einstein coefficient [40]
CO

3

' £
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which represents the probability of a spontaneous transition occurring. In the
classical picture spontaneous emission can only occur when a charge is under
an accelerating force. This occurs in the ion-core region of Rydberg states leading to a radiative lifetime which scales as n3 . This is reflected in the quantum
mechanical approach (Equations 1.6 and 1.7) as the main contribution to the integral \(nl \r\ n'l')\ is from the wavefunction in the core region and it is found
experimentally that lifetimes do indeed scale as n3 .
Constraints imposed by the angular momentum and symmetry selection rules
require the transitions to be of the form A/ = ±1 and the presence of the a;3
term in Equation 1.7 suggests that the highest frequency transitions dominate the
decay process. Consequently, in all but the case of / = 0, the major decay path
will be to the lowest lying n',l' = l — l level. The frequency of these transitions
decreases with increasing / and hence the stability of the Rydberg states with
respect to spontaneous emission increases with increasing /.
r*

1.3.2

Black body radiation induced decay

Two properties of the energy levels of Rydberg atoms and molecules make them
particularly susceptible to transitions induced by black body radiation, even at
room temperature. Firstly, as the principal quantum number is increased so the
energy spacings between adjacent levels, AE, decrease and can be sufficiently
small at room temperature that AE < kT. Secondly, the transitions between Rydberg levels are characterised by large dipole matrix elements, resulting in excellent coupling between the Rydberg states and the thermal radiation. This results
in rapid population redistribution and enhanced radiative decay rates for Rydberg systems, both of which are observed experimentally [41,42,43].
Quantitatively the rate of stimulated absorption or emission by the black-body
radiation is given in atomic units by
i

1 nl,n'l' — i_l "- J-^ni,n'i > — / ,
n'V
n'V

o

i n'i' f

i 3 -——fni>n'i'
nC

1.8

where / is the m-independent oscillator strength, A n\/w/// is the Einstein coefficient
given by Equation 1.7 and n is the number of photons per mode of the radiation
field [40]. This is derived from Planck's radiation law [44] for energy density and
takes the form
n = ghv/kT
, ., _ ^.
1.9
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The addition of the n term to the rate equation results in a marked difference between the frequency dependence of black-body radiation-induced transitions compared with spontaneous emission. While spontaneous emission depends solely on the Einstein A coefficient, resulting in high frequency transitions
to low lying states, black body radiation stimulated transitions are characterised
by transitions to nearby states. For such a transition w < kT, the limit of which
gives H = £L. Substituting this term back into Equation 1.8 leads to the expression
1 T"1

fnl.n'l1 -

n'l'

Summation over n1 implicitly includes the continuum of states and in the case of
a one-electron atom, using the sum rule [45]
2
So for a one-electron atom the rate of black-body radiation induced decay is dependent only upon the principal quantum number, n, and exhibits no / dependence. This is in marked contrast to the rate of spontaneous emission which decreases with increasing /. Consequently the lifetime of high-/ states is dominated
by black-body processes. Also apparent from Equation 1.11 is the n2 scaling of
black-body lifetimes. If one compares this to the scaling of spontaneous emission lifetimes, n3 , it is clear that at sufficiently high-n black-body processes will
dominate, even for low-/ states.

1 .3.3

Non-radiative decay

Molecular Rydberg systems can also exhibit decay processes which proceed via a
non-radiative pathway. Such mechanisms include predissociation and autoionisation. Of most importance in the experimental work presented later is autoionisation although predissociation is important in terms of molecule lifetimes. These
alternative pathways arise due to the ability of individual Rydberg channels to
interact.

Channel interactions
As mentioned in Section 1.2.3 a Rydberg channel is specified by a unique set
of core quantum numbers and the angular momentum of the Rydberg electron.
Associated with each channel is a Rydberg series converging to the ionisation
15
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threshold determined by the energy of the free ion. Although the Rydberg electron and ion-core may be considered independent it is more accurate to consider
the Rydberg states as a multi-channel problem where couplings exist between
different series; so-called channel interactions. Such inter-series couplings may
be viewed in a time-dependent manner as the scattering of the electron from the
core during the course of the electron orbit. If this collision is inelastic then energy
exchange may occur and the out going electron will have an orbit characteristic
of a different channel. From a time-independent perspective the Rydberg series
exhibit mixed-channel character. These interactions arise when the electron experiences a non-centrosymmetric potential in the core region. Such a potential
can be attributed to configuration interaction or the presence of various multipole moments of the ion core. The effects of channel interactions are most often
seen experimentally as intensity perturbations in spectra (see for example [46]).
Autoionisation

The emission of an electron that occurs when a Rydberg state, with an energy
higher than that of the lowest ionisation threshold, interacts with an ionisation
continuum of a different channel, is termed autoionisation and is shown schematically for rotational autoionisation in Figure 1.6(a).
This process can be regarded as an inelastic collision between the Rydberg
electron and the ion core resulting in the transfer of energy from the electronically
excited ion core to the Rydberg electron which is subsequently ejected with excess
N+=0

N+=2

continuum
high-n
states

Figure 1.6: Schematic representation of two non-radiative decay mechanisms facilitated by
rotational channel interactions, (a) depicts autoionisation from a bound state into a contin
uum whereas (b) depicts pseudo-autoionisation from a bound state into a continuum arising
due to the presence of afield.
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kinetic energy. In atomic systems the Rydberg electron can gain energy from the
excited Rydberg core by the conversion of core electronic or spin-orbit energy (see
for example [47]). In molecules, rotational and vibrational energy transfer may
also occur. An example mechanism for rotational autoionisation is
V

= 0,N+ =2,n)

rotational autoionisation

V ' =

1.12

The fact that autoionisation takes place is a consequence of the breakdown of the
Born-Oppenheimer approximation, a result of which is that interactions between
the electron and the core can occur [48]. Penetrating, low-/ states are expected to
undergo autoionisation most readily although high-/ states may also autoionise.
Similarly the lifetimes are expected to scale as n3 as the time the electron spends
in the core region is inversely proportional to the orbital period.
A comparable mechanism, variously described as field-induced or pseudoautoionisation, may occur if the Rydberg state is coupled to high-rc Rydberg states
of another channel which themselves are sensitive to field ionisation. In the presence of an electric field it is feasible for these to become part of a real continuum
at which point the coupled Rydberg state may undergo autoionisation. This is of
particular importance in the experimental work detailed later (see Section 4.2.2)
and is shown schematically in Figure 1.6(b).
Predissociation

While autoionisation is facilitated by energy transfer from the core to the electron,
molecules may also undergo a transfer of energy from the Rydberg electron to the
molecular core. This process of intramolecular energy redistribution may result
in predissociation of the neutral molecule into electronically excited or ground
state neutral fragments. This occurs when the Rydberg potential energy curve is
crossed by a dissociative, often doubly excited, valence state as in Figure 1.7.
Energy

r(A + B)
A + B*
Predissociation
A+B

Figure 1.7: Illustration of the predissociation mechanism.
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Rydberg molecules in electric fields

The properties of Rydberg molecules that are most useful in the experimental
investigations presented later arise because of the sensitivity of the Rydberg electron to an external electric field. The presence of the field results in strong perturbations of the energy levels and even at low electric field strengths the high
degeneracy of the levels is lifted. At higher fields the process of field ionisation
occurs. As above, the behaviour of the Rydberg states is best explained by first
analysing the hydrogenic case and then explaining the differences that arise in
non-hydrogenic systems.

1.4.1

The Stark effect

In general the application of a homogeneous electric field, F, has the effect of partially lifting the n2 electronic degeneracy of the Rydberg states. The Hamiltonian
for an H atom in a homogeneous electric field is given, in polar coordinates, by
2

.

r

1.13

If one expresses the matrix elements of the Stark Hamiltonian, given above, in the
\nlrn) basis of the zero field Hamiltonian they take the form

(n'l'm1 \Fz nlm) .

1.14

Noting that z = rcosO, Equation 1.14 can be separated into radial and angular
parts such that

(n'l'm' \Fz nlm) = F (n'l' r\ nl) (I'm1 cos0| Im) .

1.15

The exact form of the spherical harmonic functions [49] leads to the selection rules
Am = 0, A/ = ±1 and An = 0, ±1, ±2, . . . and the effect of the electric field is to
couple states such that mf = m and /' = / ± 1.
The application of the field has the effect of reducing the spherically symmetric potential to a cylindrically symmetric potential about the applied field axis,
z. As a consequence the orbital angular momentum L is no longer conserved but
precesses around the field vector as shown in Figure 1.8. This symmetry reduction also means that a more useful approach to solving the Schrodinger equation
is one using parabolic coordinates, defined as
n = r — z,

d> = arctan ( - ) .
\x/

1.16
18

1. Introduction

Rydberg molecules in electric fields 1.4

Field

Figure 1.8: Representation of the orbit of a Rydberg electron in the presence of an external
electric field.

Using such a coordinate system, the Schrodinger equation, in the case of the
H atom, remains separable [45] and the wavefunctions are now defined by the
quantum numbers n, m, n\ and n^ and may be written [44]
1.17
where /zy and ^ are the regular and irregular Stark functions respectively. The
two new, parabolic quantum numbers, n\ and HI, which represent the number of
nodes in the separate parts of the wavefunction, are related to n and m by

n = HI + HI + m + 1.

1.18

A further quantum number, k, may also be defined such that k = n\ — n^. For a
given n and m, k takes values
k=—(n — \m

!),...,(«

m\ — 1)

1.19

in steps of two giving a total of (n — m) values of k for each set of zero-field states
\nm). In fact k can be seen as a measure of the charge distribution along the field
axis. It is found [44] that the highest k state is located with the electron density
primarily along the +z axis whilst the electron density of the lowest k state is
located along the z axis. This variation in the Rydberg electron probability distribution manifests itself in the behaviour of the states in a field, most notably in
their field ionisation characteristics (see Section 1.4.2).
The Schrodinger equation generated by the Hamiltonian in Equation 1.13 cannot be solved exactly except in the case of the H atom. More generally the energy
levels may be calculated approximately using numerical methods which yield a
series expansion for the energy of a Stark state in a given field [50]. To the first
19
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order, in atomic units, the energy levels are given by [51]
1

3

1.20

For modest field strengths the energy levels are adequately described by this
first order approximation and as such the energy of Stark states corresponding
to different values of k will exhibit different dependencies upon the external field
strength. In fact in this first order approximation the perturbation leads to a lin
ear splitting of the zero-field energy levels, the so-called linear Stark effect. An
example of this is given in Figure 1.9 for states with principal quantum number
n = 4.

n=4
W)
VH
<U

k

m

3

0

2

±1

1

0, ±2

0

±1,±3

-1 0,±2
-2 ±1
-3 0

Electric field
Figure 1.9: Energy levels of the H atom in an electric field for n = 4. Each level is listed
with its parabolic quantum number k, together with the degenerate m states.

If the expansion is continued to include higher order terms as given by [50]
then the energy may be calculated thus
'j nkm

—

~

-3k1 - 9m2

— n7k[23n2 -

llm

19]F2
39]F3

1.21

At larger fields where these higher order corrections become significant the m
degeneracy, which is still large at lower fields, is lifted.
So far the discussion has focused on a single Stark manifold of given principal
quantum number, n, and has ignored the presence of other manifolds lying higher
20
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or lower in energy. The situation when the energy of the states of neighbouring
manifolds are in close proximity to one another is illustrated in Figure 1.10 where
the energies of each member of the manifold is calculated using Equation 1.21.
At sufficiently high field strengths the most blue-shifted energy level (highest
k) associated with a given principal quantum number, n, crosses the most redshifted (lowest k) associated with the n +1 manifold. This occurs at a field known
as the Inglis-Teller field. Referring to Equation 1.20 the crossings occur, in atomic
units, at
1.22
FIT — 3n5 '
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Figure 1.10: Stark map for a hydrogenic system showing states populated with n = 17 — 19
and m — 0. The energies are calculated using Equation 1.21 including terms up to the third
order.

It is also worth mentioning that, in the case of the H-atom, this crossing is
actually a real crossing with no interaction between the states. Alongside the
projection of the orbital angular momentum along the field axis there is a sec
ond constant of motion for the H-atom in an electric field, the z-component of
the Runge-Lenz vector [44, 52]. It is this additional symmetry, unique to the Hatom, that ensures that the Hamiltonian matrix remains diagonal in the field in
21
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the parabolic basis. This allows the crossing of Stark states with the same m value,
belonging to different n manifolds, to occur without any interaction.

1.4.2

Field ionisation

The phenomenon of field ionisation was first observed by Oppenheimer in 1928
[53], and today it is a widely used technique for the detection of Rydberg states
[54]. In the presence of an electric field the potential energy of the Rydberg elec
tron in the H atom is modified by the addition of a term, Fz, to the Coulombic
potential as in the discussion of the field perturbed Hamiltonian (Equation 1.13).
This has the effect of introducing a maximum along the z-axis as illustrated in
Figure 1.11. In fact, in the full 3-dimensional potential this maximum represents
a saddle point.

(a)V = -

(b)V = -

FrcosG

Figure 1.11: Classical model of the potential of an electron in a hydrogen atom in the absence
(a) and presence (b) of an electric field along the z-axis. (b) illustrates the presence of a barrier
in the potential above which states can ionise.

In a classical picture this maximum represents a field modified ionisation
threshold, such that any states lying above this in energy will be ionised directly
by the field. The potential of the electron in this field, in atomic units, is given by
1.23
and consequently the maximum is defined by the equation

az

= sign (z) x -^ + F = 0

1.24

A*
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giving
z - -=.

1.25

VF

The electron potential at this point then takes the value

VSp = -2VF.

1.26

As a result the field required for adiabatic ionisation, for a state of given principal
quantum number, is

F = is?-

L27

In laboratory units (wavenumbers) the modified ionisation potential, I, is more
conveniently expressed [55] as a function of the applied electric field, F, in Vcm" 1
by
I = I0 - 6.12A/F
1.28
where IQ is the ionisation potential of the series in the absence of a field. Follow
ing this equation, the blue-shifted Stark states, whose energy rises in the field,
will reach the energy of the classical ionisation threshold at relatively low field
whereas Stark states with energies that decrease in the field, the so-called redshifted states, will require a greater field to reach the classical threshold. This
classical approach suggests that only states located above the maximum may
ionise and this is an over simplification. Additionally, due to the finite width
of the barrier, all states below the barrier are also susceptible to ionisation, as the
electron may be lost via tunnelling through the barrier in the z direction. In real
ity, however, only those states located immediately below the barrier can ionise
via this tunnelling pathway on the experimental timescale. For field ionisation to
be detected experimentally it was assumed by Chupka [55] that it must occur at
a rate of at least 109 s" 1 . In reality a rate of 107 s" 1 is sufficient.
A truer picture takes into account the behaviour of the individual states in the
presence of a field, as previously described above for the Stark effect. A useful
formula for calculating the field ionisation rates of hydrogenic Rydberg states is
presented by Damburg and Kolosov [50]. The rate, F, for a given quantum state
defined by the quantum numbers n,n\,ni and ra, is determined as a function of
the field, F, by

<•>•
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where R = (-2Enkm ) 2 /F. The value of Enkm is the Stark energy (in wavenumbers) and can be calculated using the formula given in Equation 1.21.
Applying Equation 1.29 it is found that for blue-shifted Stark states the field
needs to rise to \/F = Eo/3.1 in order for the rate of ionisation to be measur
able. The value EQ represents the zero-field energy of the state below the ionisa
tion threshold. In contrast, for red-shifted Stark states a value of \/F = Eo/4.6
is sufficient. At first sight this seems to contradict the fact that the red-shifted
states are energetically stabilised by the field compared to the blue-shifted states.
However, the red-shifted states have wavefunctions which are localized near the
barrier. Consequently they exhibit fast ionisation rates, ionizing as a soon as is
energetically possible. Conversely, the wavefunctions of the blue-shifted states
are located away from the region of the saddle point and they are relatively sta
ble to ionisation, that is they have comparatively slow ionisation rates. These
facts, together with the ionisation rate limit, serve to explain this apparently con
tradictory behaviour. This variation in ionisation behaviour from one edge of the
manifold to the other is observed in the asymmetric line-shapes of ZEKE spectra
[56].
Looking now at the ionisation behaviour of the entire manifold, then all states
will be field ionised for \/F > Eo/3.1 while the probability of ionisation decreases
in the range Eo/3.1 > v7? > Eo/4.6. Below this lower limit ionisation does
not occur in any state at a rate experimentally measurable. Consequently it can
be seen that the classical picture, whereby a state is either bound or unbound
depending on its position relative to a new, field dependent ionisation threshold
(Equation 1.28), is an inadequate description. This discussion is summarised in
Figure 1.12 which depicts both the classical field ionisation limit as well as the
fields required for field ionisation calculated using Equations 1.21 and 1.29.

1.4.3

Non-hydrogenic systems

The effects of electric fields on Rydberg states of non-hydrogenic systems differ
from the situation previously presented for the H atom. This qualitative differ
ence can be attributed to the fact that the core-electron interaction is no longer
purely Coulombic at short range for the low-/ states which exhibit a non-zero
quantum defect. This departure manifests itself in two ways as illustrated in the
artificial Stark map for H2 molecules shown in Figure 1.13.
At zero field the low-/ states are no longer degenerate with the high-/ states
and at low field strengths these low-/ states are only weakly mixed with the high24
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Figure 1.12: Hydrogenic field ionisation in the n = 15, m = 0 manifold of states. The
open circles represent the critical fields for hydrogenic field ionisation at a rate o/109 s" 1 ,
calculated using Equations 1.21 andl.29. The classical field limit for 100% ionisation of the
states (see Equation 1.28) is indicated by the solid line. This figure is reproduced from [57].

I states. The Stark shifts of these low-/ states are well described at low field by
a variation which is quadratic with the field. The high-/ states, however, are
non-penetrating and continue to follow hydrogenic behaviour even at low field
strengths. As the field strength increases the low-/ states are gradually mixed
into the "hydrogenic manifold". If the quantum defect is regarded as a perturba
tion to the hydrogenic energy then its first order shift of the energy is given by
$l/n3, that is the energetic separation of the state from the hydrogenic manifold.
The mixing of a low-/ state with the high-/ manifold becomes significant when the
outermost member of the manifold approaches the position of the low-/ state. Re
ferring to Equation 1.20 above this shift occurs at a field given by AE = 3n2 F/2.
Consequently, in this first order approximation, the linear Stark effect is assumed
to dominate for all / values when
*£ > 1

1.30
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It is also prudent to remember the selection rule on / for Stark mixing given pre
viously, A/ = ±1. This means that only the highest of the states exhibiting a
quantum defect can mix with the manifold in this manner. Consequently for an
s-state to mix with the manifold it must first mix with a p, then a d, and then an
/-state.

E?
<u
W

n=19

n=18

n=17

0
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Electric Field (Vcnr 1 )
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Figure 1.13: Calculated Stark map of HI including only the N+ = 0, M; = 0 states
associated with n = 17 — 19. It should be noted that states of other principal quantum
number and also those exhibiting non-zero core rotational angular momentum would need to
be included for a realistic calculation.

The other behavioural difference exhibited by non-hydrogenic systems arises
due to the fact that the additional symmetry provided by the z component of the
Runge-Lenz vector in the H-atom case is not present here. This again is due to the
deviation of the core-electron potential from a pure Coulombic form. As a result
states with the same m quantum number interact and all crossings where m = m'
are now avoided. Quantum mechanically this is expressed by the fact that the
26
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is non-zero in non-hydrogenic systems. In the case of low-m states these avoided
crossings are quite distinct whereas at high-m they are too small to be observed.
This is a consequence of the fact that as the low-/ character of the Stark mixed
states decreases the potential becomes more Coulombic in character.
These avoided crossings also influence the field ionisation behaviour of nonhydrogenic Rydberg states. As the field is increased it is feasible that the Stark
states will undergo many crossings on the way to ionisation. There are two ex
tremes of behaviour at these crossings that need to be considered. Firstly, in the
adiabatic regime all crossings are avoided and the energy trajectory is deflected at
each "crossing" point. In this adiabatic case field ionisation will occur at the first
crossing between the state initially populated and a red-shifted state of the n + l
manifold to occur beyond the saddle point energy. On the other hand, if the state
passes through each crossing diabatically then field ionisation occurs in a manner
akin to the hydrogenic case. The dynamics at the crossing points have been in
vestigated by Rubbmark et al [58] and the probability that a crossing is traversed
adiabatically is given by
ad

= 1 — exp

OTT

TVl^fl
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where Vz , is the matrix element from Equation 1.31. Approximate values of AE/y
and V{j may be determined using the formula derived by Komarov et al [59]. It
is also worth noting that by application of the product rule

dAE^^d^ dF_
dF ' dt'
dt
Thus taking Equations 1.31, 1.32 and 1.33 together it is clear that for fields that
rise rapidly or for large values of m the probability of an adiabatic crossing is
zero. Consequently the ionisation behaviour is well described using the hydro
genic model. However, if the field rises slowly or there is significant interaction
between the states such that | V); > 0, then Pljd ^ 0 and the adiabatic description
of field ionisation is more apt.

1.4.4 State accessibility and lifetimes
As mentioned previously the application of an external field has the effect of mix
ing together states according to the selection rule A/ = ±1. One major conse27
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quence of this is the mixing of optically accessible / states with / states which are
optically "dark" at zero field. The associated admixture of transition intensity
means that high-/ states may be directly populated in the field. Additionally, the
mixing also results in a redistribution of zero-field lifetimes among the high field
states. The diffuse nature of the high-/ states effectively results in negligible Rydberg electron-core encounters and a dramatic increase of Rydberg state lifetimes,
r oc rc4 [55], compared to the n3 zero-field scaling of lifetimes, is observed. Ex
perimentally lifetimes of high-n atomic and molecular Rydberg states have been
shown to scale as n5 [60]. This even greater lifetime enhancement may be ex
plained by the presence of inhomogeneous fields. In a homogeneous field the
quantum number m is conserved. However, the presence of ions or other charged
particles lifts this field homogeneity. Consequently there is, together with the ad
mixture of / states, an admixture of m states. In the limit of complete mixing this
is found to result in lifetimes that scale as n5 [61, 62] for states with very high
principal quantum number (n > 100).

1.5

Thesis outline

The work presented in this thesis focuses on the interaction of Rydberg molecules
with metallic surfaces. It is hoped that, by utilising the properties of these mole
cules under the influence of even the smallest fields, it may be possible to gain
an understanding of the ionisation processes occurring at the vacuum/surface
interface. As with all new methods and investigations it is prudent to begin with
the simplest scenario and progress to the more complex. The simplest of all mole
cules are the homonuclear diatomics and the work presented here focuses on the
interaction of molecular hydrogen with both gold and aluminium surfaces.
In Chapter 2 the interaction of the hydrogen molecule with a metal surface
is modelled using the hydrogen atom system and a potential associated with a
jellium surface. Details of the complex scaling technique, and its application to
the problem at hand, are presented, together with calculated values of the en
ergies and linewidths of states with principal quantum number n = 6 — 9. The
linewidths are then associated with the ionisation behaviour of the states in the
presence of the metal surface, and a prediction of experimental behaviour of the
higher-n states (n = 17 — 22) is presented by way of a scaling of the calculated
lower-n information.
The experimental methodology and apparatus is detailed in Chapter 3 while
28
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the experimental results are presented in Chapter 4. Here the first recorded ob
servations of ionisation of Rydberg molecules at metal surfaces are presented and
analysed. Investigations are carried out to determine whether the character of
the initial state or the nature of the surface has any influence on the ionisation
behaviour. The results are compared to those recorded previously for atoms [13]
and explanations for the behaviour observed are presented.
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CHAPTER

Two
Theory and Simulation
When a molecule is placed outside a metal surface strong interactions lead to the
hybridization of the molecular energy levels. Most importantly these molecular
states become resonances, embedded in a continuum. That is they acquire an ad
ditional width, and the dominant contribution to these widths is electron transfer
into the band structure of the metal [2, 63]. In general the greater the separation
of the molecule from the surface the smaller the interaction and hence the higher
and wider the tunnelling barrier becomes. Furthermore, the energy levels will
shift as the potential around them is altered (see Section 1.1 for more detail).
Several previous theoretical studies have focused on the perturbation of an
atom outside a metal surface. Early studies [64, 65] used perturbation theory
to calculate the shifts and broadenings outside perfectly conducting metal sur
faces using the asymptotic image potentials which diverge as the surface is ap
proached. However, the widths and shifts are particularly sensitive to the exact
nature of the potential (see Section 2.2.2), especially at small atom-surface sepa
rations, and so this method leads to inaccurate widths at short separations. It is
also the case that perturbation theory breaks down at small separations due to
the large number of atomic states that contribute. These issues were addressed in
later studies [14, 66] which employed non-perturbative techniques and a model
potential. Irrespective of the particular method employed the later studies agreed
quantitatively with each other in behaviour. A more recent study involving the
stabilization technique has also been reported [67] and, with the exception of very
small atom-surface separations, this agrees quantitatively with the other nonperturbative methods.
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In the following discussion the complex scaling technique, used by Nordlander and Dunning et al [14], is utilised to calculate both the energies and widths of
the resonant states. The Rydberg states of the hydrogen molecule are modelled
using the hydrogen atom system which acts as a good first approximation to a
molecular state with a principal quantum number n > 5. An original Fortran
program has been developed to implement the theory.

2.1

Complex scaling

The method of complex scaling, often referred to as dilatation analytic continu
ation or the complex coordinate method, has been used extensively in the cal
culation of atomic resonances in phenomena such as the Stark effect [68] or the
calculation of photo-ionisation cross sections. The attraction of the complex scal
ing method is that by use of the transformation, r —> reld, the usually divergent
resonance wavefunctions become convergent. An introduction to the workings
of the method, as well as its implementation to the present problem of moleculesurface collisions, is outlined below. Detailed reviews [69, 70, 71] and worked
examples [70] can be found in the literature.

2.1 .1

The problem of resonances

The wavefunction of a resonance state is most simply described by
Y(£) = e(- /a")Y (* = 0) .

2.1

The required roots to this equation are associated with eigenstates that exhibit
Siegert boundary conditions [72] and in the asymptotic region the radial wavefunction satisfies the boundary condition
Y (r) ->• e ikrr

for r -^ oo

2.2

where the complex wavenumber k = k& — ikj. The eigenenergy, E = hu}, in
Equation 2.1 is related to this complex wave number by w = — \ (kR — ikj) 2 . The
energy therefore becomes complex, E = ER — iE\, with the real part associated
with the energy of the level and the imaginary part describing the half-width of
the resonance, that is E = ER — iY/2.
The resonance wavefunction given in Equation 2.2, expanded in terms of k, is
>.

2.3
31

Complex scaling 2.1

2. Theory and Simulation

Unlike bound-state wavefunctions this resonance wavefunction does not vanish
at the asymptotic limit, instead it diverges at complex resonance energies. As
such, a direct approach to solving the Schrodinger equation is practically difficult
as in reality finite basis sets must be used.
However, if a complex variable substitution is introduced in the radial coor
dinate the boundary conditions are changed. The substitution chosen is r —> reld ,
where 9 is real and positive, and the asymptotic form of the radial wavefunction,
Y (r), now becomes
~
limY(r)
—

Under conditions where zr/2 > 0 > 0 this wavefunction becomes asymptotically
convergent (c.f. bound-state boundary conditions) and indeed vanishes asymp
totically if the scaling angle, 0, is chosen such that
9 > arctan

U/y

.

2.5

As a result it is now possible to obtain the resonance parameters (position and
width) by using L2 basis functions identical to those used to solve bound-state
eigenvalue problems, negating the need to introduce complicated continuum
wavefunctions.

2.1 .2

The properties of the rotated Hamiltonian

In practice the radial coordinates of the Hamiltonian are transformed such that
H (r) -» H (rei0 ^

2.6

and for systems with Coulombic interactions this simply yields

H reie = e~2lQ T (r) + e~ wC (r) + V rew

2.7

where T (r) and C (r) are the usual kinetic and Coulombic parts of the Hamil
tonian.
The mathematical basis for this method is given in work by Aguilar, Balslev
and Combes [73, 74] and they have rigourously shown that under the transfor
mation of the Hamiltonian given in Equation 2.6 the following statements hold:
• The bound-state eigenvalues, where they exist, are identical to those of the
original unsealed Hamiltonian.
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• The positions of the scattering thresholds remain unchanged by this trans
formation and the associated continua are rotated downward into the com
plex plane by an angle of 29, where 9 is the scaling angle.
• Complex eigenvalues associated with resonances are "exposed" by the ro
tated continua once 9 > \ arg (E). As stated above E = ER - z'E/ and hence
these resonance positions represent both the energy and the lifetime of the
state simultaneously.
The spectrum associated with both the scaled and unsealed Hamiltonian in the
energy plane is shown in Figure 2.1. This provides a graphical depiction of the
three statements given above.
threshold

threshold
Re(E)

O O O
bound states

Re(E)
resonances
(exposed)

resonances
(hidden)

(b)

(a)

Figure 2.1: The spectrum of H (r) and H (reie ) in the energy plane is shown in (a) and (b)
respectively. Note that the resonances can only been seen as a result of the rotation and that
the position of the bound states and the threshold remain invariant under the transformation.

In summary, the method of complex scaling allows one to calculate both the
position and the width of a resonant state simultaneously using only a single
square integrable eigenfunction of the complex-scaled Hamiltonian. However,
it should also be noted that, as Hermitian Hamiltonians can only produce real
eigenvalues, a disadvantage of this method is that calculations must involve nonHermitian Hamiltonians and the diagonalization of complex matrices.

2.2

Surface calculations

2.2.1

The Hamiltonian

In order to obtain resonances of the simple one-electron model used here it is
necessary to solve the electronic Schrodinger equation:
I d2
2dr2

/(/-I

_- + Vs (r,a,f)

2.8
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where Vs is the potential associated with the surface.
Application of the coordinate rotation, r -> reie, as described above, leads to
the rotated Hamiltonian:

,-/0

2.9

2r2

2.2.2 The form of the potential
The form of the potential Vs is an important consideration in the calculation of the
resonances. The Rydberg atom is considered as a two particle system of electron
and ion core. To a first approximation the potential may be considered as the in
teractions between these point charges and image point charges in the metal. The
geometry and contributions to the potential arising from the presence of the sur
face using this approximation are shown in Figure 2.2. In Cartesian coordinates
the position of the electron is denoted by the lower case letters (x, y, z) and, given
the symmetry about the azimuthal angle, this can be further simplified to (p,z).
The position of the ion core is donated by the upper case letter Z.

electron image

electron

ion image

Figure 2.2: Diagram of the geometry of the charges relative to the surface, and the contribu
tions to the potential, Vs, as outlined in the text.

It can be seen that Vs is dependent on two interactions, Vpe and Vee > The first
term describes the repulsive interaction of the electron and the image of the core
induced within the surface, whereas the second, Vee, describes the attractive in34
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teraction of the electron with its own image. That is

2.10

Vtot — Vpe + Vee-

It should also be noted that a third term exists which describes the effective inter
action of the ion core with its own image. This has a Z-dependent effect on the
total energy of the system, as well as contributing significantly to the projectile ac
celeration after ionisation. Consequently it should be included in any subsequent
electrostatic ion-trajectory calculations. However it has no effect on the relative
energies and widths of the states as it depends solely on the nuclear coordinate.
As a result it is not included here in the resonance calculations.
At large particle/surface separations these potentials are adequately described
using the system of point image charges. The asymptotic limits of Vpe and Vee are
given by
lim Vpe(r,Z) =

l

lim Vee (z) = ~
4Z

Z—>oo

=

2.11
2.12

where r is a vector describing the radial distance from the core to the electron.
However the system of image charges does not accurately describe the poten
tial at short range as, in effect, the charges are delocalised. In this region the image
potential diverges whereas the true potential should approach that of the bulk. To
more accurately describe the interactions at short range the surface is modelled to
be a jellium1 and functional forms of the potentials are chosen to smoothly inter
polate between the asymptotic limits provided by the image charge system and
the effective potential of the hydrogen atom embedded in the surface bulk. The
value of this bulk potential has previously been determined by density-functional
theory [75].
Electron-core image interaction
The full treatment of the core induced surface potential, Vpe (r,Z), consists of two
terms, an electrostatic term (el) and an exchange-correlation term (xc):
i T7
T7
= V,; + Vrr-

O 1O
2.13

lrThe Jellium model assumes that electrons interact with one another in the presence of a uni
form background of positive charge. As such the system properties are only dependent upon the
density of electrons.
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These terms have been calculated in full in previous work [76]. However in the
results that follow this potential has been treated using the image charge model
outside the surface and an approximation to the bulk potential inside the surface.
This treatment is summarised as
Vpe (r, Z) -

otherwise.

2.14

Although this is a greatly simplified treatment of a complicated problem, the re
sults obtained agree well with the literature values and as such this potential
appears to provide a sufficient description of the true behaviour.
Electron-electron image potential
For the electron-electron image interaction the model potential proposed by Jennings, Jones and Weinhardt [77] is used:
Vee Z

-

4(z-zo)

U

I A^[B(z°-zo)]-fl

2.15

Othe™ise

where A = -I - W0 /fi and B = -2V0 /A. In the limit z -» oo Equation 2.15
converges to the correct self-image limit for a jellium surface
lim Vee (z) = — ————r.
4(z-z0 )

2.16

The value of ZQ is dependent on the type of jellium surface under investigation
and defines the position of the image plane. For aluminium, with a Weigner-Seitz
radius2 of rs — 2.07, ZQ = 0.7. The two constants VQ and /3 are chosen such that the
potential matches that calculated using the local-density approximation of Lang
and Kohn [75], for small z, and take the values -0.574 and 1.25 [77] respectively in
the case of aluminium.
An example of the total potential given by Equations 2.10, 2.14 and 2.15 is
shown in Figure 2.3 together with the potentials calculated using the simple im
age charge model.
For comparison, the potentials used in the work of Nordlander and Tully [76]
are shown in Figure 2.4. It is clear that the potentials calculated in the present
work agree quantitatively with those previously used.
2The Wigner-Seitz radius is defined as the radius of the sphere occupied by a single electron
in the metal.
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Figure 2.3: The surface potentials outside a jellium surface are shown in (a). The dashed line
is the bare surface electron potential ,Vee, and the dotted line is Vpe, for a proton placed at
Z = 10 a.u.. The total potential Vs is drawn with a solid line. For comparison the equivalent
potentials calculated using a simple image-charge model are shown in (b).
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Figure 2.4: The potentials used in previous work reproduced from reference [76]. The line
styles represent the same potentials as in Figure 2.3.

2.2.3 The basis functions
To obtain a solution to the Schrodinger equation with the Hamiltonian shown
in Equation 2.9 for both bound and resonance states it is essential that the basis
functions form a complete set. As a result the following basis functions are used
[76]:

= Cntexp

-\r

2.17

21+2
In this expression L^_
j (Ar) is a generalized Laguerre polynomial [78] and

•lm
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is a spherical harmonic. A is a parameter that is varied to optimise the basis and
in general takes the value 2/n where n is the principal quantum number of the
state under investigation. Cn\ is a coefficient defined such that the radial parts of
the basis functions are normalised and takes the usual form:
2.18

=.

l

Cnl =

In practice it is not possible to use a complete basis set but accurate results can still
be obtained if the basis is sufficiently large. In the calculations described below
the basis set is specified by two parameters, lmax and N/. The first of these de
notes the maximum value of the angular momentum quantum number, /, used.
The second indicates the number of radial functions included for each value of
/. Consequently the basis set contains N; x (lmax + 1) basis functions. The ex
plicit values of lmax and N/ are determined by convergence tests and it was found
that in the case of states initially populated with n = 2, convergence could be
guaranteed if lmax = 9 and N/ = 10. For calculations involving states of princi
pal quantum number , 6 < n < 9, up to 400 basis functions were required for
sufficient accuracy (see Section 2.4).

2.2.4

Calculation of the matrix elements

The matrix elements can now be calculated in three distinct parts. The first two
of these, the kinetic and Coulombic energy matrix elements, are constructed from
a real and a complex part. Consequently evaluation can be performed for 9 = 0
and then the resulting integrals post-multiplied by the scaling factor to yield the
rotated matrix elements.
Kinetic energy
-2z0

, v / (0)
Tnlm;nlm
v /

=

——— Cn iC " /,/£
'

mm

2.19

/

JQ

Coulombic energy

— —e~ i6CnjC i id id
rOQ

i

2.20

i
i

x \ dre-^+'^L^fAr)!2 +2 (Ar)
n -1
n~l
Jo
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Surface potential

Calculation of the matrix elements associated with the surface potential is more
challenging as the potential is dependent upon both the radial and angular coor
dinates of the electron.
/•oo

Vnlm;n'l'm'(e)

=

I

J (J

r

rn

dr I

J (j

dOLSmOL I

J0

xCB/ Cni /,e- AV +//+2 L^12 (Ar) I2/*2 (Ar)
.

2.21

This integral cannot be separated into real and complex parts as in Equations 2.19
and 2.20 . A second problem arises as, due to the intricacies of complex arithmetic,
the analytic continuation of the rotated potential is not known and so V (reie )
cannot be calculated. If instead, however, we make a variable substitution, x =
rel9, then it is possible to rewrite Equation 2.21 as follows:
=

.* r n
r°°
I dxe~ ie I
Jo
Jo

/v .

2.22

As a result the potential function, Vs (x,tt.,<p), remains a real entity and although
the basis functions are now complex, a solution is achievable.
All three of these matrix element types are efficiently calculated by use of
Gauss-Laguerre quadrature routines, and diagonalization of the resulting com
plex general matrix leads to the eigenvalues of the resonances. Since the potential
function has cylindrical symmetry, basis functions with different m do not inter
act and the final matrix has a block diagonal structure. The eigenvalue problem
may, therefore, be represented by the secular equation,
det (Hm (9) - E (6) I) = 0

2.23

where I is the identity matrix. Numerically solving Equation 2.23 yields both the
bound and resonant state energies and linewidths.
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Location of the resonances

Although the above discussion of the complex scaling technique suggests that the
accurate eigenvalues are readily calculable if the rotation angle 0 is chosen such
that Equation 2.5 holds, this is not in fact the case in practice. This is the formally
exact result for the situation where the basis set is complete and, in this case alone,
the resonance positions in the complex plane are independent of the value of 0
(given the above condition). In reality the basis set is never complete. However,
if the basis set is large enough the resonance positions will only vary slightly with
the value of 9 [73]. Accurate determination of the resonance positions therefore
requires that the complex eigenvalues have converged with respect to both basis
size and the value of 0. This point is illustrated in Figure 2.5 for the two n =
2, m = 0 resonances of a hydrogen atom placed 10 a.u. in front of an aluminium
surface. The resonance positions for a range of values of 0 are shown. The basis
set was chosen such that the positions are converged relative to basis size and in
this case contained 100 basis functions with lmax = 9 and N; = 10.
0.0005

0.2-0.8
0.9

0.1

-0.0015

-0.0035

p-T
-0.0055

-0.0075

0.2,JoO.<

0.3-0.8
0.1

-0.0095
-0 12

-0.115

-0.11

-0.105

-0.1

ER (a.u.)

Figure 2.5: The location of the two n = 2,m — 0 resonances, E\ and E2/ for a core-surface
separation Z = W a.u.. The numerical labels give the value of 9 used in the scaling. The
solid horizontal line depicts the position ofE\ = 0.
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It is clear that the trajectory converges in two places, and these are indeed
good approximations to the values of the resonances when compared to calcu
lated values in the literature [67]. With the exception of small and large 0, the
position is relatively independent of 0. The exact values can be found by locating
the point at which the resonant position is least sensitive to the change of 0, that
is the point at which the trajectory is most stabilized with respect to 0. Hence, 9opt
is defined as follows
90pt = 0 when — is a minimum.

2.24

In the example shown here 6opt = 0.4 and the resonance positions were found
to be EI = -0.110 - O.OOSz and E2 = -0.1033 - 8.3 x 10~5z.
Once an optimum value for 0 has been determined it is possible to calculate
the shift in energies and the broadening of the states as the surface is approached
by repeating the calculation for a range of atom-surface separations. It is impor
tant to note, however, that each resonance will have a slightly different value of
9opt and this will change with Z. However, if the basis set is sufficiently large any
slight variation of 9opt can be ignored as the calculation will remain converged.
The variation of the values E# and £/ with the position of the core relative to
the surface, Z, for the two n = 2, ra = 0 states of atomic hydrogen are shown
in Figure 2.6. Included in the left-hand figure, showing the energy of the levels,
are all the "resonances" visible in that region. In order to distinguish between
positions that are simulating the continuum and those which represent the actual
states we are interested in it is necessary to perform a second trajectory calcula
tion. If 0 remains fixed but the basis optimisation parameter, A, is varied then the
states of interest shift only slightly. However, the other positions change rapidly.
As a result, resonance positions are located precisely by first optimizing 0 at a
single value of Z and then varying A and identifying localized positions for all
Z. This procedure was used to identify the trends in energy shift shown in the
left-hand figure. The half-widths shown in the right-hand figure are simply the
imaginary parts of the complex eigenvalues. An alternative procedure, which
was adopted later, involved tracking a state as the value of the separation, Z, was
incrementally decreased. By finding the eigenvector at the new separation with
the highest overlap with the eigenvector of the state at the previous separation,
it was possible to monitor the adiabatic evolution of the state under investigation.
Such a procedure was useful at higher n, where eigenvalues at a greater number
of separations were required (see Section 2.4).
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Figure 2.6: Calculated energies (left) and associated half-widths (right) for the two n =
2, m = 0 hydrogen Rydberg states in front ofajellium (aluminium) surface. Z is the coresurface separation.

Before extending the calculation to higher n it was necessary to ensure that
there was good agreement between the results presented here, calculated using
the potential described in Section 2.2.2, and those obtained by Nordlander et al
[76] who employed a self consistent approach to the calculation of the potential.
Their results are shown below in Figure 2.7. Excellent agreement is found (al
though it should be noted that the scale in Figure 2.7(b) is incorrectly labelled F
where in fact it should read F/2 as in Figure 2.6).

o -0.08 UJ

-0.12 -0.14 -

Figure 2.7: The energies and linewidths of the two n — 2, m = 0 states calculated in
previous work for a hydrogen atom (reproduced from reference [76]). Z is the core-surface
separation. The dashed line in (a) represents the n = 2, m — 1 state.
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Similar agreement also exists for other low-n states presented in [76] and the
results for n = 1,2 and 3, calculated as above, are shown below in Figure 2.8.
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Figure 2.8: Calculated energies (left) and associated half-widths (right) for the three n —
3, ra = 0 hydrogen Rydberg states in front of a jellium (aluminium) surface. Z z's the coresurface separation. Note some numerical instability is present in the n — 3 lifetime data.

2.3

Ion production rates as a function of separation

Although the calculation of the energy of a state at a given separation from the
surface is interesting it is the linewidth data that is of most importance in simu
lating any experimentally observed ionisation. The full linewidths can be related
to the rate of ionisation by
2.25
= -r,- (0 * (t)
dt
where H,- (t) is the instantaneous population of a state i at a time t and Tz (t) is the
calculated linewidth of that state at that time. This can be rewritten in terms of
molecule/surface separation, following application of the chain-rule, such that
t (t)

2.26
In this case, Tz (Z), is the linewidth calculated as described in Section 2.2 while
v± is the perpendicular velocity of the molecule. It follows that the rate of ion
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production at a given molecule /surface separation, P,-(Z) is given by
P,(Z) =

^_L

exp

rZ r.(7'\

\

/ i^dZ' ) .
oo

2.27

I?_L

Throughout this discussion a value of v ± = 1.41217 x 10~ 4 ms" 1 will be used
which represents a particle with a mean velocity 2535 ms" 1 and incident on the
surface at 7°. These values are typical of the molecule beam used in the experi
ment as detailed in Section 4.1.2. While it must be remembered that the Rydberg
states are actually being modelled as a hydrogen atom, the inclusion here of a
velocity characteristic of molecular hydrogen is crucial in relating the calculated
linewidths to the experimental observations.
Applying Equation 2.27 to the linewidth data calculated for the two n = 2,
m = 0 states in the range Z = 2 — 50 atomic units yields the profiles of ion pro
duction as a function of molecule /surface separation shown in Figure 2.9(a). It is
evident that each state exhibits a different ionisation behaviour and this is asso
ciated with the very different widths exhibited by each of these s — p hybridised
states (see Figure 2.6). However, if the n = 2 states are excited at zero field there
is likely to be branching between these initially degenerate states such that both
levels in Figure 2.6(a) are populated. When extending to higher n, the total ion
production rate across all n hybridized states is a more useful simulation. Integra
tion of the total ion production rate information yields a curve which represents
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Figure 2.9: Calculated ion production rates for (a) the two n — 2, m = 0 states and (b) the
three n = 3, m = 0 states of hydrogen. The uppermost curve in both figures is the cumulative
ion production as a function of molecule/surface separation.
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the proportion of the total population that has ionised by the time the molecu
lar beam has reached a given distance from the surface.The uppermost curve in
Figure 2.9(a) shows the Z dependence of this total ion production for a molecular
beam in which each of the m = 0, n = 2 states are equally populated. An analo
gous set of results for the n = 3 states is also presented in Figure 2.9(b). A compar
ison of the two cumulative ion populations suggests that the molecule/surface
separation at which ionisation will occur should be strongly dependent upon the
principal quantum number, n. The nature of this relationship is discussed further
in Section 2.4.3.

2.4
2.4.1

Extension of the model to states of higher n
Energies and linewidths

In principal the method of complex scaling can be used to calculate the energy
and linewidth of any state required. In order to extend the model, however, it
is important to include sufficient basis functions such that the position of a res
onance for a given state is converged. The results shown so far for states with
principal quantum number n = 1, 2 or 3 have all required at least 100 basis func
tions to be included in the calculation to ensure convergence of the eigenvalues.
The calculation has been extended to states with n = 6, 7, 8 and 9. In these cases
the basis set was constructed using the parameters lmax = 19 and N/ = 20 to
ensure convergence, giving a total of 400 basis functions. While computationally
more expensive than the calculations at lower n, the eigenvalues associated with
such states are still readily calculable and the results are presented in Figure 2.10.
However, for the calculation of the energies and linewidths for states with
principal quantum number greater than n = 10 a significant increase in the num
ber of basis functions is required to adequately represent the form of the wavefunction and to ensure convergence of the eigenvalues. The problems associated
with this are discussed in Section 2.4.3.
At this point a discussion of the nature of the energy shifts seems appropriate
as several interesting features are visible in Figure 2.10, although it is important
to remember that these are relative shifts as the attractive interaction between the
ion core and its image charge is ignored in the calculation of the potential function
(see Section 2.2.2). As the surface is approached the degeneracy of the states asso
ciated with a given principal quantum number is lifted. As stated in Section 2.2.4
the matrix which yields the eigenvalues is diagonal with respect to the azimuthal
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Figure 2.10: Calculated energies (left) and associated half-widths (right) for hydrogen Rydberg states with n — 6 - 9, as labelled in the figure, in front of a jellium (aluminium) surface.
Z is the core-surface separation.

quantum number m. Therefore, for each m and n there are n - m degenerate
orbitals that may hybridize with each other. At large separations, where the
electron-core image interaction dominates, the surface potential is repulsive (see
Figure 2.3) and all states shift upward with decreasing Z. However, when the
wavefunction extends into the region where the potential is attractive, that is
where the electron-electron image interaction dominates, a downward shift in en
ergy is observed. This effect is seen at a greater separation for those states whose
wavefunctions are oriented toward the surface (the red-shifted states). Finally, at
sufficiently small separations all states shift upward. This is due to the fact that
the electron-core image potential once again dominates at small values of Z, a
consequence of the fact that the electron-core image potential is dependent upon
both the nuclear (Z) and the electron (z) coordinate whilst the electron-electron
image is dependent solely on the electron coordinate. Another point worth noting
is that as the value of n increases so too the energy separation between adjacent
manifolds of states decreases. Consequently, at sufficiently high principal quan
tum number energy levels associated with states of different principal quantum
number will interact. For non-hydrogenic systems these interactions would be
manifested as avoided crossings.
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The variations in linewidths exhibited by the states associated with the same
principal quantum number can also be understood in terms of the electron dis
tribution. For a hybridised state whose electron distribution is largely oriented
towards the surface (the red-shifted states), interaction with the surface electron
density begins to occur at a greater molecule/surface separation. The opposite
is true for the blue-shifted states which have an electron distribution oriented
towards the vacuum. Consequently the red-shifted states exhibit much greater
broadenings than their blue-shifted counterparts. The fact that the interaction
with the surface begins at a different separation as the principal quantum num
ber is varied can be understood by considering the spatial characteristics of the
Rydberg state. For higher principal quantum numbers the extent of the radial
wavefunction increases and so it is expected that interaction with the surface will
occur at a great separation. This is clearly shown in Figure 2.10.

2.4.2

Ion production rates

As described in Section 2.3 it is feasible to use the calculated linewidth data to
simulate the cumulative ion production as a beam of molecules approaches the
surface. Using the data presented in Figure 2.10 the ion production profiles for
states with principal quantum number n = 6 — 9 have been calculated. They are
shown in Figure 2.11. Once again it is clear that the separation at which ionisation
begins, that is the maximum molecule/surface separation at which ion produc
tion is feasible, is dependent on the principal quantum number of the state.

2.4.3

Scaling to considerably higher n

To this point the method first described by Nordlander et al has been utilised, in
conjunction with the model potential detailed in Section 2.2.2, to provide accurate
values of the energy shifts and linewidths of states with principal quantum num
ber n < 10. Ion production rates, calculated using a velocity representative of a
beam of hydrogen molecules, have also been presented. It is important, however,
to calculate predictions of the outcome of the experiments performed.
The experimental investigations presented in Chapter 4 involve Rydberg mole
cules initially excited to states with principal quantum numbers in the range
n = 17 -22 (for the N+ = 2 states) and n = 41 - 45 (for the N+ = 0 states).
Consequently it would be advantageous to extend the model to produce ionisa
tion simulations for these states. However, such an extension would require a
47

2. Theory and Simulation

Extension of the model to states of higher n 2.4

n =6
GO
•4—1

'5

-e

n=^

03

O

• i-H
•4—>
O

2

OH

c

O

0

100

200
Z (a.u.)

300

400

Figure 2.11: Calculated total ion production as a function of surface separation for principal
quantum numbers n = 6 — 9, using the hydrogenic model.

dramatic increase in the number of basis functions as alluded to in Section 2.4.1.
This arises from the need to include a greater number of energy levels in the cal
culation to ensure convergence of the complex eigenvalue problem. As such, we
are presented with two major problems. Firstly, as the number of basis functions
increases so too does the size of the matrix that must be diagonalized. While ma
trices of dimension 400 are easily handled, the diagonalization of a 4000 x 4000
complex matrix, a size that is appropriate for calculations of n = 17-22 eigen
values, is computationally very expensive. Secondly, the individual matrix ele
ments are calculated efficiently by way of Gaussian quadrature. As the value of
the principal quantum number increases so too does the number of nodes in the
radial wavefunction. Similarly the number of nodes in the angular wavefunction increases with the angular momentum quantum number /. Consequently a
denser grid is required to accurately integrate the wavefunctions and again this
is computationally expensive.
An alternative route, which provides an estimate of the ionisation profiles,
can be pursued by scaling the low n data already calculated. While this does
not provide a complete set of energies and linewidths for the individual states
it does provide the necessary information to generate a simulation of the exper
imental output. If the simulated data shown in Figure 2.11 is scaled by a factor
of l/n2 then the ionisation curves associated with different principal quantum
48

2. Theory and Simulation

Extension of the model to states of higher n 2.4

numbers all appear to behave in a broadly similar way. The result of the scaling
is shown in Figure 2.12. It can be seen that the onset of ionisation occurs at a
molecule/surface separation, Z, of approximately 4n2a0 which is in good agree
ment with the previously determined value of 3.Sn2a0 reported in [13]. It is also
apparent that the profiles for n = 7, 8 and 9 exhibit a shallow tail at large sepa
rations. Such a feature indicates that at these larger separations some states are
already, albeit to a smaller degree, susceptible to ionisation. Why it is not present
in the n = 6 simulation is not known at this time.

Figure 2.12: Calculated total ion production as a function of surface separation for principal
quantum numbers n = 6 — 9, scaled by a factor 1/n2 .

Therefore, taking the profile for the n = 6 data, which represents an average
of the scaled profiles (ignoring the tails), and scaling it by a factor n2, it is possible
to generate a series of predicted profiles for high n states. The result is shown in
Figure 2.13(a) for n = 17 - 22. It is important at this point to remember that these
profiles are dependent on the perpendicular velocity of the molecules as detailed
in Equation 2.27. It is also possible to calculate total ion production curves for
any given spread of the population amongst the hybridised states. As expect this
alters the shape of the ion production profiles generated. An example of a series
of profiles for n = 17 - 22, assuming the population exists solely in the most
red-shifted state, is given in Figure 2.13(b).
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Figure 2.13: Predicted ion production as a function of molecule/surface separation, (a) cal
culated assuming a population evenly spread amongst all n hybridised states, (b) calculated
assuming all the population exists in the most red-shifted state. The individual curves in
each figure, from left to right, represent states with principal quantum number n = 17 — 22
respectively.

2.5

Conclusions

The work presented in this chapter illustrates that the method of complex scaling
can successfully be applied to the problem of calculating energies and linewidths
for particles interacting with metal surfaces. While it is clear that the calculations
could be extended, with an appropriate increase in basis size, to include states
with principal quantum numbers in the range n = 17-22 and n — 41 — 45, and
therefore provide information about the energies and widths of the states inves
tigated experimentally, such calculations have not been performed. The reasons
for this are two fold. On the one hand, the simulation of the experimentally ob
served ionisation behaviour required solely a knowledge of the cumulative ion
production as a function of molecule/surface separation. Such profiles were ob
tained using the scaling described above, negating the need to perform intensive
calculations. On the other hand, initial experimental results suggested that mole
cular effects, particularly the rotation of the ionic core, had a direct influence on
the ionisation behaviour. As such, the model presented here would be insuffi
cient although it could be extended to incorporate such phenomenon. This fact is
discussed in more detail in Section 4.2.9.
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THREE
Experimental methods
Although the interaction and ionisation of Rydberg atoms with metallic surfaces
has been the subject of many previous experimental studies [9,11,12,13,15] there
are no reported investigations involving Rydberg molecules. The interaction of
a molecule with a surface presents new aspects to the physical problem as the
molecular ion core possesses vibrational and rotational degrees of freedom and
the question arises as to how these might contribute to the interaction with the
surface. The details of the first observations of molecular Rydberg states interact
ing with metal surfaces are presented in full in Chapter 4. In the following sec
tions a description of the experimental apparatus and detection techniques used
in this investigation is given. In the latter parts of this chapter some preliminary
observations are presented as well as some experimental spectra.

3.1
3.1.1

Excitation scheme
S-state excitation

The work presented here focuses on Rydberg states of H2 with no core vibrational
motion (v+ = 0) which were accessed using the two-colour excitation scheme
in Figure 3.1. Excitation of the B-state intermediate proceeds via the one-photon
transition, R (0) B*L+ (z/ = 0) *- X a Z+ (v" = 0), at an energy of 90242.33cm- 1
[79]. This corresponds to the R(0) transition which populates the intermediate
B a Z+ (v' = 0, /' = 1) level. The vacuum ultraviolet (VUV) excitation of this tran
sition has been reported in detail elsewhere [80].
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Figure 3.1: VUV + UV doubly resonant two photon excitation scheme to excite ns/nd
Rydberg states ofH.2. The other, allowed, one photon transitions from the ground state to the
intermediate are also shown.

3.1 .2

Rydberg state excitation

As the selected VUV wavelength leads to the population of the /' = 1 level of
the B a X+ (vf = 0) intermediate state, the process corresponds to excitation of
pflra-hydrogen. Rydberg states can now be accessed by excitation from this in
termediate with a single UV photon. This transition populates Rydberg series
converging on the ionisation thresholds associated with the rovibrational levels
v+ = 0, N+ = 0 and 2 of the X 2E+ ground ionic state. The total energy of the two
transitions is approximately 124000cm" 1 with the lowest ionisation threshold,
corresponding to the N+ = 0 series, located at an energy of 124417.507 (18 ) cm" 1
[81] above the ground state. Due to the restrictions of parity in the UV transition
the final states must have overall gerade symmetry and given the electronic sym
metry of the H2+ ion-core is 2Z+ only the even-/ Rydberg series are accessible in
the UV excitation step. In reality it is primarily the ns and nd states that are pop
ulated. The A/ = 0, ±1 selection rule further restricts the states accessible from
the Jf = 1 level of the intermediate, allowing excitation only to states with total
angular momentum / = 0, 1 or 2. As a result there are seven series accessible
from the intermediate level populated, B a E+ (v1 = 0, ]' = I). Using Hund's case
(d) notation these are (wsO)o, (ns2)2/ (ru?0)2/ (nd2)0, (nd2)i, (nd2)2 and (ru*4)2 . Al52
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though the last of these is, in principle, accessible the transition intensity for such
a process would be very low. Of the other series theoretically accessible further
restrictions arise due to the relative polarisations of the two laser beams. In the
experiments the UV and VUV laser polarisations are set to be mutually perpen
dicular. Therefore the overall selection rule for the two-step excitation must have
AM/ = ±1, arbitrarily defining the quantisation axis with respect to one of the
laser polarisations, a definition which is valid at zero field. Given the initial state
has ]" = 0 and M" = 0, then the final states must have Mj = ±1. Consequently
the final-state total angular momentum must be greater than zero, i.e. / > 0.
Hence transitions to the (nsO)o and (nd2)0 states are forbidden. The excitation
spectra are discussed further in Section 3.3.

3.2

Experimental setup

A schematic diagram of the laser system and molecular beam apparatus is pro
vided in Figure 3.2. A more detailed diagram, depicting the geometry of the sur
face and detection system, is shown in Figure 3.3.

H2 beam

Figure 3.2: Schematic diagram of the laser system and vacuum apparatus.
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Vacuum and molecular beam apparatus

The vacuum apparatus consists of a two-stage differentially pumped vacuum
system used to produce a well collimated supersonic molecular beam of ~ 200
ps duration. Hydrogen gas (BOC 99.99%) at a backing pressure of 2 bar was in
troduced into the source chamber through a pulsed valve (General Valve Series
99) operating at 10 Hz. The pulsed valve was triggered such that it opened ~
210 ps before the laser fired to ensure that the excitation volume was in the front
portion of the gas pulse. The vacuum in the source chamber was maintained at
~ 8 x 10~5 mbar throughout operation by a turbomolecular pump (Leybold 620
Is" 1 ) backed by a rotary pump (Edwards EM series). The central part of the mole
cular beam then passed into the main chamber through a skimmer (Beam Dy
namics Inc.) of 1 mm diameter located 3 cm from the opening of the pulsed valve.
Both the pulsed valve and the skimmer were mounted such that the resulting, col
limated beam was incident on the horizontally mounted metal surface at an angle
of ~ 7°. The molecular beam was then intersected by two laser beams in the cen
tre of the main chamber 170 mm from the skimmer face. The base pressure in the
main chamber was ~ 8 x 10~8 mbar rising to ~ 1 x 10~ 6 mbar during operation
of the pulsed valve. This was achieved using a second rotary/turbomolecular
pump system (Leybold 600 Is" 1 /Edwards EM series).

3.2.2

Laser system

Excitation to the Rydberg states of interest required the use of two different laser
beams in a VUV-UV doubly resonant excitation process. The laser beam which
facilitated the single photon B 1 !^ <— X 1 Ej transition (A = 110.81 nm) was
generated by non-resonant frequency tripling of UV laser radiation in a mixture
of krypton and argon gases (BOC special gases 99.9%). The UV radiation was
provided by frequency doubling the fundamental output of a dye laser (laser 1).
This dye laser (Spectra Physics PDL-3) was operated using a mixture of DCM and
LDS 698 laser dyes in the ratio 10:1, in the oscillator and preamplifier cells, and
pure DCM in the amplifier. It was pumped using the second harmonic output of
an Nd:YAG laser (Spectra Physics GCR 290) which provided ~ 800 mj per pulse
at a repetition rate of 10 Hz and pulse length of 9 ns. The output was split such
that ~ 400 mj pumped both laser 1 and laser 2 (see below). The output of the dye
laser was then frequency doubled by passing it through a KD*P crystal and the
residual fundamental separated using a Pellin-Broca prism. In optimal conditions
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~ 6 mj per pulse of UV radiation (A = 332.42 nm) was produced by this process.
Frequency tripling was achieved via a non-linear process in which the UV laser
beam was focused, using a 200 mm focal length lens, into a stainless steel cell
containing the Kr/ Ar gas mixture. The VUV radiation generated in the focus was
subsequently refocused into the main chamber by a lithium fluoride (LiF) lens
(/ — 70 mm at 110 nm). The intensity of the third harmonic wave is dependent
on the ratio of the gases in the mixture and previous work [57] together with trial
and error suggested that a mixture consisting of argon and krypton in the ratio
200:1080 mbar resulted in the greatest conversion for the wavelength required. It
should also be noted that, although there was no way to separate the residual UV
from the VUV in this experiment, the refractive index of the LiF lens meant that
the VUV was focused at the excitation point whereas the UV was not.
Further excitation from the B 1 E+ state to the Rydberg states was achieved us
ing the frequency doubled output of another dye laser (Spectra Physics PDL-3)
which was pumped using the output of the same Nd:YAG laser that was used
to pump laser 1. This dye laser (laser 2) was operated using Rhodamine 610 dye
and the fundamental radiation was doubled using a KD*P crystal. Any residual
fundamental radiation was separated using an harmonic separator (Inrad). The
resulting UV radiation (~ 7 mj per pulse), tunable in the range 291-296 nm, en
tered the main chamber horizontally and perpendicularly to laser 1. This beam
was not focused. It was necessary at times to scan laser 2 during the course of
the experiment and in this case the optimum angle of the KD*P crystal was main
tained using an auto-tracker (Inrad Auto-tracker II). By using the same pump
laser for both dye lasers and adjusting the individual path lengths of the laser
beams it was possible to achieve temporal synchronisation between the VUV and
UV pulses which was essential for efficient population of the Rydberg states due
to the short lifetime of the B a Z+ intermediate.

3.2.3

The excitation region

The configuration of the apparatus within the main chamber and the alignment
of the laser beams, with respect to each other and the molecular beam, is shown
in figure Figure 3.3. The arrangement is such that excitation from the ground
state to the Rydberg states occurred above the sample surface. Both laser beams
entered the chamber at right angles to one another and intersected the molecular
beam at 45° in a region of spatially homogeneous electric field between the metal
surface and a mesh grid electrode (81% transmitting Ni mesh, 90 lines per inch).
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Figure 3.3: Schematic diagram of the experimental apparatus showing the geometry of mole
cular beam and laser beam intersection in the region between the surface and the extraction
grid. The measurements shown represent the normal position of the components.

The surface itself was mounted on a precision translation stage (National Aper
ture Inc, model MM-3M-ST) allowing micro adjustment of its vertical position to a
resolution of 0.124 ^m. Typically this was chosen so that excitation occurred 3 mm
above the surface and the surface/mesh separation was 12 mm. As mentioned
previously, the excitation point is approximately 170 mm from the skimmer ori
fice. In all the experiments described here pure H2 was used (backing pressure 2
bar) resulting in a molecular beam travelling with a mean velocity of 2535ms" 1
[82]. Consequently it was expected that the central portion of the beam would
collide with the surface ~ 11 ^s after passing through the excitation region.
In the majority of the experiments reported here excitation occurred in near
zero field conditions although a small negative bias voltage (—10 V) was applied
to the mesh electrode to remove any ions formed directly during the excitation
process. In the case of investigating the behaviour of a population of the Stark
energy levels it was possible to apply a large negative voltage, typically -500V,
to the mesh electrode such that excitation occurred in the presence of a field.
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Preparation of the surface

Three different metal surfaces were used in the experiments. The specific details
for the preparation of each surface are given below together with some topo
graphical analysis using atomic force microscopy (AFM) which highlights the
nature of the individual surfaces. In the discussion of the surface analysis the
following three parameters are assigned:
• RMS(Rq), the root mean square average of height deviations taken from the
mean data plane calculated using
3.1

N

Ra, the arithmetic average of the absolute values of the surface height devi
ations measured from the mean plane
3.2

N<

Rmax, the maximum vertical distance between the highest and lowest data
points in the image.
Surface
Blank Si
Al1 (200)
Al1 (500)
Au (200)
Au (500)
Au (1000)
Al2 (black)
Al2 (red)
Al2 (blue)

RMS(Rq)
0.131
1.857
1.819
0.420
0.620
1.390
608.8
290.3
272.3

Ra

Rmax

1.92
0.081
1.468 10.486
1.418 12.9
0.336 2.778
0.597 4.155
0.768 19.072
280.4 8473.4
231.9 1752.3
219.1 1734.9

Table 3.1: Surface parameters obtained by analysis of the AFM images, for all three surfaces,
the deposited gold Au, and aluminium Al1 , and the machined aluminium Al2. All values are
in nm. The numbers in brackets refer to the sample size analysed while the colours relate to
the profiles in Figure 3.8.
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Deposited aluminium disc
This was prepared on a three inch polished Si (100) wafer (Compart technologies)
by metal vapour deposition in a BOC Edwards Auto 306 vacuum coater with
Cryo-pumping system (giving a base pressure of 2 x 10~7 mbar). The wafer was
cleaned prior to the deposition, in-situ, using an oxygen discharge for 10 minutes.
Parameters from AFM analysis of this clean wafer are given in Table 3.1 and the
AFM image is shown in Figure 3.4. The aluminium (99.999%, Advent Research
Materials Ltd.) was then evaporated from an alumina coated molybdenum boat
(R. D. Mathis, Long Beach, CA), using a 3.2V 300 A power supply. The current
was controlled so that the rate of deposition on the sample was maintained at ~
Inm/s, monitored using a quartz crystal microbalance (FTM5 thickness moni
tor, BOC Edwards) which was mounted adjacent to the wafer, both 120 mm from
the aluminum source. During the evaporation the wafer was rotated at approx
imately 5 rpm and the pressure was kept below 1 x 10~6 mbar at all times. The
evaporation was stopped once the film thickness had reached 100 nm, again mon
itored using the quartz microbalance, and then the system was allowed to cool
to room temperature before venting and removing the coated wafer. Owing to
the reactivity of aluminium, an oxide layer forms immediately on venting. It is
thought this layer will be in the region of 1 — 2 nm thick.
500

2 . 0 nm

Height

1.0 nm

k'50

' 0.0 nm

Digital Instruments NanoScope
502.0 nm
Scan size
0.5003 Hz
Scan rate
512
Number of samples
Hei ght
Image Data
2.000 nm
Data scale

Figure 3.4: An image of the clean Si(lOO) wafer recorded, for a 500 nm sample, using AFM
techniques as described in the text.
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The surface topography was characterized by using an atomic force micro
scope (Digital Instruments, Multimode SPM) operated in tapping mode using a
NST-NCHF-R silicon probe (Nascatec Technologies GmbH) and an 'E' scanner.
Surface images were recorded for samples of dimension 200 nm and 500 nm.
Both the 3D and flattened images for the 500 nm sample are shown in Figure 3.5
while Table 3.1 lists the parameters extracted by analysis of the images from both
of these sample sizes. Very similar results are obtained in each case. It is immedi
ately obvious that the variation of surface height is significantly smaller than the
Rydberg molecule radius (20 nm for n = 20 Rydberg states).
Deposited gold disc

In a similar fashion to the aluminium disc, this was prepared on a three inch pol
ished silicon wafer. However, in order to give good adhesion for the gold layer,
an initial 5 nm thick layer of chromium was deposited onto the silicon wafer. This
was sublimed from a chrome plated tungsten rod (R. D. Mathis, Long Beach, CA)
using a 10 V, 90 A power supply. The gold (99.99%, Alfa) was then deposited in
an identical manner to the aluminium.
The surface topography was again characterized using AFM techniques as
above for the aluminium. The recorded images for samples sizes of 200 nm and
500 nm are shown in Figure 3.6. A third sample of 1 }im was also recorded and
both flattened and 3D images are shown for this sample in Figure 3.7. The para
meters obtained by analysis of these images are listed in Table 3.1. The final data
set, for the 1 \ITS\ image, shows a significantly increased roughness and this can
be attributed to a surface defect which is evident in the 3D image (see Figure 3.7).
However even including this data set the mean surface roughness, Ra, is less than
1 nm and the gold surface can be regarded as smooth as "seen" by the Rydberg
molecule.
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(a) 3D AFM image of the 500 nm deposited aluminium sample.
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(b) Flattened AFM image of the 500 nm deposited aluminium sample.

Figure 3.5: Surface images recorded for the deposited aluminium disc showing both the 3D
image (a) and the corresponding 2D representation (b).
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(a) 200 nm image of the deposited gold surface.
Flatten
I 2.0 nm

1.0 nm

1 0.0 nm

Digital Instruments NanoScope
Scan size
500.0 nm
Scan rate
1.001 Hz
Number of samples
512
Image Data
Height
2.000 nm
Data scale
250

500

(b) 500 nm image of the deposited gold surface.
Figure 3.6: 200 nm (a) and 500 nm (b) sample scans of the deposited gold surface.
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(b) Flattened I }im image of the deposited gold surface.

Figure 3.7: Surface images recorded for the deposited gold disc showing both the 3D image (a)
and the corresponding 2D representation (b). A large defect is clearly visible in both images.
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Machined aluminium disc

This disc, with a diameter of 50 mm, was machined from an aluminium block
and polished on a lathe. The surface topography is summarised in the line pro
files shown in Figure 3.8. Each profile is offset for clarity while the vertical scale
indicates the extent of the deviations from the mean plane. Analysis of these pro
files yields the parameters listed in Table 3.1. It is evident that the large deviation
in scan 1 has had a great effect on the calculated values of both RMS(Rq) and
Rmax in this instance and as such Ra is probably the best measure. In conclusion,
it is sufficient to state that the Ra of the disc is approximately 230 nm but can
not be well defined due to the large, micron sized, objects present on the surface.
Consequently the deviation of surface heights is significant on the scale of the
molecular Rydberg radius and the surface can be regarded as rough as "seen" by
the Rydberg molecule.

^t^^^Mf^^
'V*'%Mv'U'VM/^^

^^^^Vwwy^vu^/wwv^M^
200

0

400

600

1000

800

1200

1400

1600

1800

2000

Position (jam)

Figure 3.8: Lines profiles recorded for the machined aluminium disc illustrating the degree
of surface roughness and also the presence of significant objects on the surface. The profiles
are coloured in accord with the data labels in Table 3.1 and are offset for clarity. The vertical
scale is shown.

3.2.5

Detection of H2 + ions

Any ions formed by tunnelling ionisation near the surface would collide with it,
due to the velocity of the molecular beam, unless a field of sufficient magnitude
was applied in this region to pull them away Consequently, in order to observe
any H2+ ions formed at the surface a large, positive, variable potential up to 5000
V was applied to the surface 800 ns after excitation. The homogeneous field gen
erated by this potential (added to the bias on the mesh electrode) was determined
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by the separation of the surface and the mesh electrode. Typically this separation
was 12 mm and so the applied potentials generated fields of between 8 Vcm" 1
and 4125 VcnT" 1 . Above a certain threshold field the H2+ ions were accelerated
perpendicularly away from the surface through the mesh electrode. They then
travelled through a flight region formed by a series of ring electrodes (dynode
stack), all held at the same potential as the mesh electrode, spaced 10 mm apart.
Upon leaving this region the ions reached the detector assembly. This comprised
a pair of 40 mm diameter multi-channel plates (Galileo, Chevron configuration)
coupled to a phosphor screen. Potentials of -1300 V, 0 V and +3500 V were ap
plied to the front and back MCPs and to the phosphor screen respectively. The
fluorescence emitted by the phosphor screen could be viewed by either a photomultiplier tube to record the total ion signal or a CCD-camera (Photonic Science,
768 x 576 pixels). By connecting the amplified output of the PMT to a digital os
cilloscope, itself connected to a PC, a time-of-flight spectrum could be recorded.
The image from the camera was used to record 2D spatial information via a link
to PC-based image acquisition software (Photolite 3).
At high field strengths, ions were also formed in the region between the sur
face and the grid by a field ionisation process and not via a tunnelling mecha
nism. In the case of the N+ = 0 states this process is direct field ionisation while
in the case of the N+ = 2 states the process proceeds via a field-induced autoionisation mechanism (see Section 1.4.2). From now on both these processes are
refered to as direct ionisation but the it is important to remember that the actual
mechanism is dependent upon the nature of the initial Rydberg state population.
Although these ions reached the detector, their arrival time was significantly ear
lier than that of the ions formed at the surface. As a result ions produced from
either process could be easily distinguished in the time-of-flight profiles. (Ex
amples of both time-of-flight profiles and images from the camera are shown in
Figure 3.9). In fact these two processes compete and, above a certain threshold
field, all molecules in the region were ionised directly by the applied field. This
is the case in profile (a) of Figure 3.9. Conducting the experiment in the presence
of a smaller extraction field resulted in a greater proportion of molecules surviv
ing long enough (that is not being directly ionised by the field) to reach the re
gion where surface induced ionisation occurs. This is demonstrated by case (e) in
Figure 3.9 where the majority of the ions produced were being formed by surface
dependent processes. The balance between these two processes, and the condi
tions required to facilitate them, will be discussed in more detail in Chapter 4.
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Figure 3.9: Time-of-flight profiles and associated images showing the two distinct ion signals
detectable in the experiment. The labels (a)-(e) refer to extraction fields (V cm~ l) of 396, 388,
379, 371 and 363 respectively. The data shown is for hydrogen Rydberg molecules initially
populated in a (20d2) l state.

3.3
3.3.1

Experimental spectra
Field-free spectra

The spectrum shown in Figure 3.10 was obtained by tuning the VUV laser wave
length to the transition to the v' = 0, /' = 1 B-state intermediate as described in
Section 3.1. Laser 2 was scanned across the range 292.8-296 nm. Any Rydberg
states populated in the excitation region were then detected through pulsed-field
ionisation after a delay of 800 ns by the application of a +4000 V potential to the
metal surface. The small bias voltage applied to the mesh electrode (—10 V) and
the separation of the surface and the electrode (12 mm) meant that this potential
generated a field of ~ 3342 Van" 1 .
Two principal series are visible in the spectrum associated with nd states that
converge to either the N+ — 0 or N+ = 2 thresholds of the ionic ground state.
These series are labelled in Figure 3.10. The ionisation threshold for the N+ = 0
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Figure 3.10: A zero-field spectrum of HI Rydberg states recorded via the v' = 0, /' = 1
B-state intermediate. Two series are visible, one associated with states converging to the
N+ = 0 threshold, and the other with states converging to the N+ = 2 threshold. The
horizontal scale shows the total energy of the photons for laser 1 and laser 2.

series lies at 124417.507(18) cm" 1 above the ground state while the threshold for
the N+ = 2 series lies at 124592.751 cm" 1 [81]. Previous studies [80, 83] have
shown that there is a fast predissociation of the (ndQ)2, (nd2)2 and (ns2)2 series in
the region ~ 124000 cm" 1 and as a result the main peaks observed in this region
are associated with the (nd2)i series and are not the (ndO)2 series converging to
that threshold. However the (ndO)2 series can be seen to extend down to about
n = 30.

3.3.2

Stark spectra

By applying a large negative potential (-400 V in the example shown in Figure 3.11)
to the mesh electrode it was possible to carry out excitation in the presence of a
homogeneous electric field. This resulted in the population of Stark energy levels
of the H2 molecules. Laser 2 was scanned from 293.8-295 nm corresponding to
the excitation of the (16 — 18d2) l zero-field states. As above, the Rydberg states
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populated were detected by pulsed-field ionisation after 800 ns.
The spectrum recorded in this manner is shown in Figure 3.11 and it can be
seen that the zero-field states split into hydrogenic Stark manifolds arising from
the admixture of the nd states into the N+ = 2 high-/ states of the same princi
pal quantum number n which consequently gain intensity. For a more detailed
discussion of the Stark affect in atomic and molecular systems see, for example,
[30, 84, 85].
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Figure 3.11: Stark spectrum of HI recorded following excitation in the presence of a 340
Vcm~ l homogeneous electric field. The energy levels shown correspond to the excitation of
the (16 — 18d2) 1 zero-field states. The horizontal scale is total excitation energy.

3.4

Summary

The content of this chapter details the experimental methods used in the investi
gations presented in the Chapter 4. It is clear that the techniques detailed above
enable the production of hydrogen Rydberg molecules in a range of initial states
allowing a thorough investigation of the ionisation behaviour exhibited. The data
collected is presented in full in Chapter 4 together with a discussion of the exper
imental observations.
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CHAPTER

FOUR

Analysis of experimental data
In Chapter 3 the experimental setup was discussed and some preliminary spec
tra and time-of-flight profiles were presented, demonstrating the ability to selec
tively excite H2 to a given quantum state and also to distinguish between the sep
arate ion production mechanisms. The content of the following sections extends
the discussion to include the detection and characterisation of surface induced
ionisation.

4.1

Time-of-flight profiles

As alluded to in Section 3.2.5, by recording the time-of-flight profiles of the H2 +
ion signal it is possible to discriminate between ions generated by direct field
ionisation in the gas phase and ions formed via ionisation processes due to the
presence of the surface, that is tunnelling ionisation. It is however important to
be confident that the two signals identified are assigned correctly, and by analy
sis of the time-of-flight profiles, under a range of experimental conditions, such
an assignment is possible. It is also possible to determine an estimate of the in
cident beam angle (see Section 4.1.2). Knowledge of this angle is crucial for the
discussions which follow.

4.1.1

Assignment of the ion signals

In the previous chapter, Figure 3.9 clearly shows two distinct ion signals which
have been assigned to direct field ionisation and surface induced ionisation (see
also Figure 4.1). The assignment of the first signal, as that arising from direct
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Figure 4.1: Time-of-flight profiles illustrating the effect of altering the timing of the extrac
tion field pulse on the arrival time of the two separate ions signals. The labels refer to the
time of the pulse after the laser fires. The data corresponds to an initial population of(20d2)i
Rydberg states and an extraction field applied was 300 V cm" 1 .

field ionisation, was facile. The arrival time of these ions is explicitly dependent
on the timing of the field pulse, changing linearly as the timing of the pulse is
altered as shown in Figure 4.1. The ions are seen to arrive ~ 1^/s after the pulse
is applied which is expected for the acceleration of light ions (H2 + ) in almost all
but the smallest of electric fields. The second signal in Figure 4.1, also visible
in Figure 3.9, exhibits an arrival time at the detector that appears independent of
the pulse timing, with the constraint that the pulse must be applied at time before
~ 10 — 12 }is. This indicates that although the electric field is necessary to detect
the ions arriving at this later time, it is not required for their formation, leading
to a possible conclusion that these ions are formed by a process involving the
surface itself. Two further pieces of evidence confirm this proposition.
Firstly, the temporal location (in the region of 11 ps) and width of the signal
are consistent with that expected for H2 + ions formed at the surface, given the
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geometry of the experimental setup. Secondly, it is found that the exact posi
tion of the signal in the time-of-flight profile is related to the vertical position of
the surface with respect to the excitation position. As mentioned in Section 3.2.1,
the surface is mounted on a micro-translation stage, allowing precision control of
the vertical position of the surface relative to the point of excitation. Hence, by
lowering or raising the surface, the time taken for the molecular beam to reach
the region in which surface induced ionisation can occur is varied. If the second
signal is genuinely dependent upon the surface then it is expected that the ion
arrival time at the detector should increase as the surface is lowered, and, con
versely, decrease as the surface is raised. At this point it is essential to note that,
when moving the surface, care must be taken to adjust the potential applied to
both the grid and the surface such that the field in the region above the surface
remains constant. It is worth mentioning here that the time-of-flight of the first
signal, generated by direct field ionisation in the region between the grid and
the surface, should be unaffected by the exact surface position. However, the
time-of-flight observed for both signals will be affected to a very small degree
by the change in the grid/surface separation, which will have an effect on the
final velocity of any ions formed in this region, as the distance through which the
ions are accelerated changes. This discussion is summarised in Figure 4.2 which
shows the ion arrival times for two different vertical surface positions. As is clear,
the position of the first signal remains constant whereas that of the second signal
moves considerably in the time-of-flight profile.
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Figure 4.2: Illustration of the dependence of the time-of-flight character of the signal on
the position of the surface. The solid line represents a surface/grid separation of 12 mm,
whereas the dashed line represents a separation of 12.8 mm. The data corresponds to an
initial population of(20d2)i Rydberg states and an extraction field applied was 380 V cm~ l .
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Determination of the incident beam angle

The aim of the experimental investigations is to determine the separation be
tween the surface and the Rydberg molecule required for surface induced ionisation to occur. In Section 4.2.1 an electrostatic model is presented that relates
the minimum field required for the detection of the ions formed at the surface to
the distance at which this ionisation occurs. However, this relationship incorpo
rates the perpendicular kinetic energy of the ions at their time of formation. As
such no study can be performed without a knowledge of both the distribution of
molecular speeds and the distribution of incident beam angles. In Section 3.2.3
the mean speed of the H2 molecules was assigned a value of 2535 ms" 1 . The
molecular speed characteristics of the pure H2 beam are taken from previous re
search involving H2 pulsed molecular beams [82]. However, in order to calculate
the incident angle, further analysis of the time-of-flight profiles of the surface in
duced ion signal for a range of experimental conditions was necessary.

Time-of-flight (>s)

Figure 4.3: A series of time-of-flight profiles recorded for (22d2} l states to extract informa
tion about the incident angle of the molecular beam (a). The labels refer to the surface/grid
separation in mm: (1) 12.000, (2) 12.125, (3) 12.375, (4) 12.625, (5) 12.875, (6) 13.125. The
inset (b) illustrates the curve fitting, based on a normal distribution, that was performed to
extract the time of the maximum signal intensity for each profile.
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Figure 4.4: A series of time-of-flight profiles recorded for (20d2) l states. The labels refer to
the same surface/grid separation as in Figure 4.3.

A series of time-of-flight profiles was recorded in which the position of the
surface was varied. Data were collected for a total of ten surface positions such
that each new position increased the spacing between the surface and the grid
by 0.125 mm. Such a small and accurate variation of the vertical surface position
was possible as the surface was mounted on a precision translation stage (see
Section 3.2.3 for details). The minimum separation was 12 mm and the maximum
13.125 mm. The data is shown in Figure 4.3 for molecules initially excited to
(22d2) l Rydberg states, although for clarity only six of the profiles are shown.
A second set of data was recorded for the (20d2) l state and these time-of-flight
profiles are shown in Figure 4.4. The potentials applied to the mesh grid and
to the surface were varied so that for any given surface position the extraction
field applied was 80 Vcm" 1 in the case of states initially populated with principal
quantum number n = 22, and 330 Vein" 1 in the case of n = 20 states. The
different applied field for n = 20 compared with n = 22 was essential in order to
observe the ions formed (see Section 4.2.2). By fitting a smooth curve to the timeof-flight profiles recorded, as shown in the inset in Figure 4.3, where the fitted
curve is offset from the original data for clarity, a value for the arrival time of
greatest signal intensity was obtained.
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The arrival time of the ions, Tj, is given by

4.1

TT = Ts + TA + TD

where Ts is the time taken from excitation for the molecules to reach the point
above the surface at which they are ionised, TA the time during which the result
ing ions experience an accelerating force, and TD the time required for the ions
to reach the detector once they have left the region between the surface and the
first grid. TA and TD are dependent upon the size of the extraction field applied
and also the distance through which acceleration occurs but the variation arising
from the change in surface /grid separation is negligible compared to the total
time of flight recorded, that is TA + TD < Ts . As such, it is valid to assume the
TA and TD remain constant throughout. Consequently any variation in TT can be
associated with the change of TS due to the new position of the surface. This can
be summarised by
4.2
ATT « ATS = --=
vsmu
where v is the mean beam velocity, 9 is the mean incident angle and M represents
the relative change in surface position. Applying this approximation to the data
recorded, it was found that the mean incident angle was 7.0°.
Clearly the assumption that TA + TD remains constant is an over simplifica
tion because any variation in the surface position will affect the distance through
which the acceleration occurs and consequently the final velocity of the ions as
they enter the flight region from the grid to the detector. Analysing the data in
more depth, employing Newton's equations of motion together with simple elec
trostatics, Equation 4.1 may be rewritten thus

Tr =
+ 2ax] — vi
'

j

4.3

where x is the separation between the surface and the grid, L represents the dis
tance from the grid to the detector (0.197 m) and a is the acceleration due to the
field. Calculating Vj using the incident angle obtained above, it is found that in
fact the sum TA + TD varies by less than 0.1 ^s in the full electrostatic calculation
(see Table 4.1). Consequently the initial assumption of TA + TD being constant is
valid, within the accuracy of the experiment, and it is possible to assign the mean
angle of incidence of the molecular beam a value of 7.0°.
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Grid /surface separation (mm) TA (ps) TD (ps)
12.000
0.23840 1.9629
12.125
0.23964 1.9527
12.250
0.24087 1.9427
12.375
0.24210 1.9329
12.500
0.24333 1.9232
12.625
0.24454 1.9137
12.750
0.24576 1.9043
12.875
0.24696 1.8950
13.000
0.24816 1.8859
13.125
0.24935 1.8769

TA+TD (ps) TT (us)
2.2013
11.81
2.1924
12.19
2.1836
12.59
2.1750
12.93
2.1665
13.39
2.1582
13.81
14.21
2.1500
2.1419
14.65
2.1340
15.05
2.1262
15.39

Table 4.1: A set of values for the variables TA and TD calculated using Equation 4.3, assum
ing a mean angle of7.0° and speed of 2535 ms~ l . The total time-of-flight, TT,for the (22d2) l
state is also listed for comparison.

4.2

Surface ionisation signals as a function of ap
plied field

The variation in the total surface ionisation signal for the deposited aluminium
surface, recorded as a function of the applied ion extraction field strength, is
shown in Figure 4.5. The profiles show the behaviour of an initial population of
(nd2) l Rydberg states with n = 17 - 22, as assigned in the figure. In all cases the
ion extraction field is pulsed on 800 ns after excitation. The Rydberg molecules
then fly, in the presence of the field, towards the target surface where ionisation
occurs. If the extraction field is of sufficient magnitude then any ions formed in
the vicinity of the surface will be detected. The drop in signal at the high field
end of the profiles arises because the ions are directly ionised at such fields, prior
to reaching the surface. As mentioned previously, this direct ionisation occurs
shortly after the extraction pulse is applied and, consequently, ions formed in this
manner are not detected in the same time gate as the ions under investigation and
can therefore be successfully discriminated against in the process of data collec
tion. However, to illustrate the fact that the drop in the surface induced ion signal
is indeed associated with the onset of direct field ionisation, Figure 4.6 shows the
field profiles of both types of ion signals for an initial population of (nd2) l Ryd
berg molecules where the value of the principal quantum number, n, is given in
the figure.
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Figure 4.5: Surface ionisation signal versus applied extraction field strength for population
of the (nd2) l Rydberg states, incident on the deposited aluminium surface, for a range of
values n = 17 - 22.
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Figure 4.6: Surface induced (black) versus direct field (red) ionisation as a function of applied
field for a range of principal quantum numbers. It is evident from this that the sudden loss of
surface induced signal can be attributed to the increased probability of direct field ionisation.

Ignoring the apparent structure in the profiles (see Section 4.2.8 for more de
tails) for the time being, the following sections detail the nature of the observa
tions and a plausible explanation of behaviour is presented.
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Electrostatic model

If surface induced ionisation were to occur at a molecule/surface separation Z,
then the minimum external field (in atomic units) that must be applied to pre
vent the ions striking the surface, and hence the minimum field required for ion
detection, is given by [13]

•*

4.4

—

where Tj_ = \mv\ is the kinetic energy, perpendicular to the surface, of the mole
cule at the point of ionisation, Z,-. This equation is based on an image charge
model which assumes that the total energy of an ion in front of a surface and in
the presence of an applied electric field, E, is given, in atomic units, by
T± .

4.5

Additionally, Equation 4.4 may be rearranged to give a value of the minimum
separation at which ions formed will have their velocity reversed and be detected
for a given field and kinetic energy

7* +271
Consequently Equations 4.4 and 4.6 provide a link between the ion signal profiles
recorded and the molecule /surface separation at which ionisation occurs.

4.2.2

Effect of the principal quantum number

Ionisation of the Rydberg molecule requires the removal of the Rydberg electron.
This electron occupies an orbital of large radius and is, therefore, weakly bound.
Referring to Section 1.2.2 the radius scales as n2 and so it is not surprising to
find that, in the data presented in Figure 4.5, the onset of the surface ionisation
signal occurs at higher fields when states of lower principal quantum number
are populated. This increase in the field reflects ionisation occurring at a smaller
molecule /surface separation and is in agreement with the decreased extent of the
electron orbital radius. Indeed, the hydrogenic theory presented in Chapter 2 and
experiments involving xenon Rydberg states [13] have shown that the value of Z,
scales as n2 .
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Through the link between ionisation distance and the applied electric field
(see Equation 4.4), the profiles in Figure 4.5 can be considered to show how the
tunnelling ionisation probability varies with distance from the surface, after tak
ing into account the spread of incident kinetic energies in the molecular beam.
At this time such a spread is not considered (see Section 4.2.3) and a value of
Tj_ = 3.6352 x 10~5 a.u. is used which corresponds to the mean kinetic energy of
the molecules, that is using the values, v = 2535 ms" 1 and 0 = 7.0°.
Using Equation 4.6, the x-axis of Figure 4.5 can be rescaled to represent the
distance above the surface at which the detected ions were formed. If the x-axis
is further scaled by a factor of l/n2, where n is the principal quantum number
of the initially populated Rydberg state, then, assuming the ionisation behaviour
follows that of the atomic Rydberg states, it would be expected that all the pro
files would lie at the same point on the x-axis and indeed be represented by a
single curve, that is the data scales according to n2 . This rescaling is shown in
Figure 4.7(a) and it is clear that such a relationship does not exist in the data pre
sented here for an initial population of (nd2) l hydrogen Rydberg states.
In fact the field profiles are associated with much lower fields than would
be predicted from Equation 4.4, assuming that surface ionisation occurs at Zz =
4.0n20o as predicted from the calculations in Chapter 2, and using the quantum
numbers assigned to the initially excited N+ = 2 levels. If, however, an effective
principal quantum number, VQ, calculated with respect to the N+ = 0 threshold
(see Equation 4.7), is assigned to each state, the ionisation distances are found to
scale as VQ, as illustrated in Figure 4.7(b). The effective principal quantum num
ber, i/o, may be calculated as follows (ignoring the quantum defect with respect
to the N+ = 2 limit)
n2

(IP2 - IP0)

4.7

where IPZ- is the ionisation potential of the Rydberg series with rotational angular
momentum quantum number z, and $tH is the Rydberg constant for hydrogen.
The effective quantum number generated is invariably non-integer.
This suggests that the overall ionisation mechanism involves complete trans
fer of energy from the H2+ ion-core rotation to the Rydberg electron. Indeed a
similar phenomenon of field-induced autoionisation (see Section 1.3.3) has pre
viously been observed for the ionisation of these same states in the gas phase
[29, 30]. Also, Figure 4.7 (b) shows that ionisation occurs over an apparent sepa
ration range of Z; ~ 3 - 5v^a0 which is in good agreement with the range found
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in previous experiments for xenon atoms [13] (except that v0 is used rather than
n). A comparison with the simulations performed in Section 2.4.3 is presented
later in Section 4.2.5.
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Figure 4.7: (a) Surface ionisation profiles for n = 17 — 22 Rydberg states at an aluminium
surface plotted as a function of Zz-/n2 wsmg Equation 4.6 and assuming a perpendicular
velocity ofv_\_ = 309 ms~ l . (b) Same data as in (a) except that VQ (see Equation 4.7) is used
in calculating the horizontal axis rather than n.
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4.2.3 The distribution of molecule kinetic energy in the beam
The analysis presented above and in the following sections, is based on the as
sumption that all molecules approaching the surface possess the same kinetic
energy, Tj_ = 3.6352 x 1(T5 a.u. (see Section 4.2.2). There is in reality, however,
a distribution of both molecular speeds and incident angles within the skimmed,
supersonic expansion, resulting in a distribution of perpendicular kinetic ener
gies. Previous analysis of the molecular speed distribution of a beam of hydro
gen molecules [82], in essentially the same apparatus with a comparable backing
pressure, indicated that the distribution can be characterised by a temperature
of 1.3 K. As such the standard deviation of the molecular speeds is a = 73.5
ms" 1 . The distribution of incident angles is less well characterised but consid
eration of both the experimental geometry (see Section 3.2.1) and the size of the
excitation volume (a beam waist in the order of a few hundred microns is ex
pected) suggests that a range 6.6° < 6 < 7.4° is realistic. Taking both the speed
and angular distributions into account, three values of the kinetic energy can
be defined. The first represents the slowest and shallowest molecule approach,
7j_ = 3.014104 x 10~5 a.u., the second the mean values of both parameters,
7j_ = 3.63534 x 10~5 a.u., and the third represents the fastest and steepest mole
cule approach, Tj_ = 4.33615 x 10~5 a.u.. Repeating the transformations detailed
in Section 4.2.2, substituting each value of TI, three scaled profiles are calculated
for each quantum number. The profiles for n = 22 are shown in Figure 4.8. Sim
ilar variations are seen for other quantum numbers. Analysis of these profiles
suggests that including the full range of kinetic energies in the scaling process
would affect the position of the rise in the profile by, at most, ±5%. Thus the
major conclusion of the previous section is not compromised by the fact that the
kinetic energy distribution has not been explicitly taken into account. The exact
shape of the profiles, will however, be dependent upon the form of the kinetic en
ergy distribution used in the transformation. Therefore, it would be beneficial in
any future experiments to further collimate the molecular beam to the extent that
the angular distribution of the approaching molecules may be more narrowly de
fined. Such a modification would be possible by introducing a second skimmer
into the molecular beam path.
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Figure 4.8: Surface ionisation profiles for n = 22 Rydberg states at an aluminium surface
plotted as a function o/Zj/Vg wsmg Equation 4.6. Each profile is generated using a different
value ofK± as detailed in the text.

4.2.4

Surface ionisation behaviour of the N+ = 0 states

The behaviour displayed by the N+ = 2 Rydberg states has been associated with
the coupling between the N+ = 2 and N+ = 0 channels via a mechanism akin to
forced rotational auto-ionisation. Were this the case, then one would expect the
surface ionisation vs field profiles of the N+ — 0 states to scale in a way similar to
the atomic states, that is asn2, as there is no rotational energy that can contribute
to the ionisation process. Such a study is feasible by initially populating a series
of (ndO) 2 Rydberg states. The (41 - 45dO) 2 states lie energetically between the
n — 22 and n = 21, (Hrf2) a Rydberg states, and exhibit sufficient intensity to be
detectable in the experimental setup used here. These states are clearly visible in
Figure 3.11. The associated field vs signal profiles of these states, recorded in an
identical manner to the data collected for the N+ = 2 states, are shown below
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Figure 4.9: (a) Surface ionisation signal versus applied extraction field strength for popula
tion of the (ndO) 2 Rydberg states for a range of values n = 41 — 45 together with data for the
(nd2) lf n = 2l (v0 = 38.63) and 22 (i/0 = 46.19) states, (b) The same data as in (a) plotted
as a function ofZi/n2 (or Zr-/i/g in the case of the (nd2) l states).

in Figure 4.9(a). Once again, the profiles form a series where the extraction field
required for ion detection decreases as the principal quantum number of the state
initially populated increases. The variation is less marked however, and this can
be understood by the fact that the radius scales as n2 . Hence as n increases so the
degree of radial increase going from n —> n + 1 is smaller. For comparison, the
data for the n = 22 and n = 21, N+ — 2 Rydberg states, which lie in an energet81
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ically similar region of the spectrum, are included. These states are labelled with
their effective principal quantum numbers, VQ.
Once again, if the x-axis is rescaled such that it represents the ionisation dis
tance rather than the field, a scaling factor for the ionisation distance, Zz , can be
determined. Such a transformation leads to data presented in Figure 4.9(b). In
the case of the N+ = 0 states the final ionisation distances have been divided by
n2 while those of the N+ = 2 states have been divided by v2, as outlined in the
previous section.
Immediately two things are apparent. Firstly, the N+ = 0 data does indeed
scale as n2, as observed for atomic Rydberg states. Secondly, the N+ = 2 states
readily fit this scaling if the effective principal quantum number, VQ, is employed.
Both these observations lend considerable weight to the conclusion that surface
ionisation of Rydberg states initially prepared in (nd2) 1 levels is indeed mediated
through a process of forced autoionisation due to coupling with N+ — 0 channel.

4.2.5

Comparison with calculated ion production profiles

At this stage it is prudent to consider whether or not the simulations carried out
in Chapter 2 provide an accurate prediction of the experimentally observed ion
isation behaviour. Given that the calculations are based on an atomic model it is
clear that the ionisation profiles of the N+ = 2 states, which exhibit a behaviour
dependent upon the rotational energy of the molecule core, cannot be directly
simulated. However, if this discussion is focused on the scaled profiles of ion sig
nal vs ion-core/surface separation, as shown in Figure 4.7 for the N+ = 2 states
and Figure 4.9 for the N+ = 0 states, then a comparison may be made.
Three separate approaches are presented in Figure 4.10. In (a) the calculated
total ion production from Figure 2.13, assuming a population that is evenly spread
across all possible states belonging to a given principal quantum number, is com
pared with the experimentally determined, ion signal. It is, in fact, the profile
associated with the N+ = 0, n = 41 state but the exact choice of state makes
little discernible difference. It is clear that both the onset and slope of the pre
dicted profile are under-estimates. In fact such an under-estimate in the position
of the onsets is not unexpected as a similar discrepency was also observed in
the xenon/surface experiments [13]. In the example shown in (a), the difference
between simulated and experimental onset, determined by fitting a straight line
through the data, is ~0.4 a0. The calculated curves in both (b) and (c) have been
shifted to remove this systematic error.
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Figure 4.10: Comparison of calculated ion production curves (red) with the experimentally
determined profiles (black). An explanation of the three situations is provided in the text.

The discrepancy between the slope of the calculated curve and that of the ex
perimental data in (a) may arise for two reasons. Firstly, it is possible that the
total population is not being ionised at the surface and detected by the applica
tion of fields below the threshold for direct ionisation. That is the direct field
ionisation starts to cut in well before the surface signal has finished rising (this
statement is justified by Figure 4.6). Consequently, a comparison of ion produc
tion based upon a full conversion of population is not valid. That is, the profile
observed in the experiment is actually only sampling a small proportion of the
total Rydberg state population. Such a situation is shown in Figure 4.10(b) where
good agreement between the calculations and the experiment is achieved. In this
case the surface ionisation profile is assumed to account for only 20% of the total
Rydberg state population. If this were to be the case, then further information,
obtainable through analysis of the direct ionisation signal, would be needed to
clarify the exact proportion of the population that is ionised at the surface and
subsequently detected. Secondly, the calculated curve shown in (a) and (b) as
sumes that the population is evenly spread amongst all n — m hybridised states
of a given Stark manifold n. This is not necessarily the case and indeed previous
theoretical calculations [86] have suggested that the spread of population is not
even. To this end, the simulated curve in (c) has been generated by assuming
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that the population is localised in the extreme red-shifted state. This shows good
agreement with the normalised ion profile obtained by experiment.
In reality, the situation is likely to be a mixture of the effects described in (b)
and (c). Consequently, further investigations, both experimental and theoretical,
are required to determine the proportion of the Rydberg state population detected
following surface ionisation, and the spread of the population amongst the avail
able hybridised states. Following such investigations, a better simulation of the
experimentally observed profiles may be achieved.

4.2.6 Surface ionisation behaviour of states populated in a
non-zero field
As discussed in Section 1.4, the presence of an electric field has a great effect upon
the nature and behaviour of the Rydberg states. Most importantly, it is found
that the electronic wavefunction is oriented in the field such that the blue-shifted
states exhibit a wavefunction localized along the +z-axis while the red-shifted
states have a wavefunction oriented along the — z-axis, where the z-axis is de
fined as the field axis (see Figure 1.8). Consequently, as the Rydberg molecules
approach the surface it is expected that the blue-shifted states, whose electron
distribution is aligned away from the surface, will ionise at significantly shorter
molecule/surface separations compared to the red-shifted states (see Section 2.4),
and hence require significantly higher fields to be applied for detection. This was
investigated experimentally by selectively exciting an initial population of the
n = 18 Stark manifold (whose intensity is derived from (I8d2) l Rydberg states)
in the presence of a 333 Van" 1 electric field, generated by the application of a
constant potential to the mesh-grid.
In order to identify suitable states for investigation, the doubled output of
laser 2 was scanned between 294.10-294.33 nm and a +4000 V potential was ap
plied to the surface 800 ns after excitation. The application of this potential had
the effect of field ionising all the Rydberg states initially populated. The Stark
spectrum obtained in this way is presented in Figure 4.11. A spectrum recorded
over a greater range of excitation energies is shown in Figure 3.11. Three different
members of the manifold were chosen to characterise the range of ionisation be
haviour exhibited by the Stark states, belonging to the n = 18 manifold, incident
on the surface. The chosen states, one blue-shifted state (a), one state in the centre
of the manifold (b) and one red-shifted state (c), are highlighted in Figure 4.11.
For each state a field vs ion signal profile was recorded in an analogous way to
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Figure 4.11: Stark spectrum of HI recorded in the presence of a 333 Vcm~l electric field. The
spectrum arises from excitation to an initial population of (18d2) 1 Rydberg states. The three
labelled lines are referred to in the text.

the previous investigations of zero-field states detailed above, and the results are
presented in Figure 4.12. Once again, the sudden drop in signal intensity at high
field arises due to the molecules being directly ionised in the field following the
application of the extraction pulse. The fact that the field at which this drop in
signal intensity occurs is different in each case is evidence that different states
have indeed been populated. It is also interesting to note that initial excitation
to blue-shifted states results in the molecules being more readily ionised in the
field than initial excitation to red-shifted states. This is in agreement with pre
vious theoretical work [86] although this is not as predicted for purely diabatic
(hydrogenic) ionisation (see section Section 1.4.2). The colours of the profiles in
Figure 4.12 are related to the colours used for the individual members of the Stark
manifold shown in Figure 4.11.
As is evident from position of the low field onset and the rise of the signals
in Figure 4.12, no significant difference in surfaced induced ionisation behaviour
arises when initially exciting blue-shifted states as opposed to red-shifted states.
This is in agreement with the previous experimental work with xenon atoms [13].
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Figure 4.12: (a) Surface ionisation profiles recorded as a function of applied extraction field
strength for the three, n = 18, Rydberg states highlighted in Figure 4.11. (b) Same data as in
(a) but offset for clarity.

If one uses the same approach as given in [15] then the similar behaviour of all
the members of the manifold can be explained by considering the evolution of
the state as the surface is approached . Prior to reaching a sufficiently small mole
cule/surface separation for ionisation to take place, it is feasible that level cross
ings with levels in adjacent n manifolds will occur. In the hydrogen molecule
such interactions between states of the same M/ quantum number are manifested
as avoided crossings and the energy separations at these avoided crossings are
strongly M/ dependent and are largest for the lowest M/ states (see Section 1.4.3).
If these crossings are traversed adialoatically then the character of a molecule ini
tially in a state nkMj ) will assume the character of the state n'k'Mj ). As the sur
face is approached the molecule typically undergoes many such avoided cross
ings and the overall effect of this is that the electron probability densities associ
ated with the blue and red-shifted states initially populated will, on average, be
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similar. Consequently the surface ionisation behaviour of the initially populated
blue-shifted and red-shifted Stark states is expected to be the same. The fact that
this is indeed the behaviour exhibited by these Stark states suggests that such
crossings are traversed adiabatically. However, an additional complication arises
in the molecular case presented here. The question arises as to whether the cross
ings between the N+ = 0 and N+ = 2 manifolds influence the populations of
the states. However, these processes are likely to be almost diabatic in character
unless the system remains at a crossing point for a significant period of time (see
Section 4.2.8).

4.2.7

The nature of the target surface

While all the results presented so far have involved H2 molecules incident on
a deposited aluminium surface, questions arise as to whether the ionisation be
haviour of the Rydberg states may also be dependent upon the properties of the
surface itself. Referring back to Section 2.2.2, it is noted that the total potential ex
perienced by the incident particle is dependent on a surface potential term, which
itself is dependent upon the electronic properties of the surface. In order to in
vestigate this, a gold target surface was prepared in an identical manner to the
aluminium surface, as detailed in Section 3.2.4. Data was collected for an initial
population of (nd2) l Rydberg states, for the range of principal quantum numbers
n = 19 — 22, using the same experimental methodology as previously used for
the deposited aluminium surface. The results are presented in Figure 4.13.
Once again, efficient surface ionisation was observed in the range of princi
pal quantum numbers investigated and structure is present in the field profile.
In fact it was found that the surface material had very little effect on the ionisa
tion characteristics of the (n^2) 1 Rydberg states. The results for both aluminium
and gold target surfaces are compared in Figure 4.14 for H2 (ndl}-^ states initially
populated with principal quantum number n = 20 and 19. It is evident that the
two profiles associated with a given quantum number are very similar and share
the same ionisation properties, including the presence of the structure. Thus the
resonant behaviour appears to be independent of the type of metal, although it is
worth noting that there may be subtle differences which are not distinguishable
within the signal-to-noise ratio. A similar comparison for the states n = 21 and
22 leads to an identical conclusion.
The form of the field profile is, however, dependent upon the surface rough
ness. Replacing the smooth surfaces, prepared via metal vapour deposition, with
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Figure 4.13: Surface ionisation signal versus applied extraction field strength for population
of the (nd2) l Rydberg states, incident on the deposited gold surface, for a range of values
n = l9- 22.

a machined aluminium disc results in a marked change in the ionisation behav
iour of the Rydberg states. Once again the investigations focused on initial popu
lations of (22 - I9d2) l Rydberg states, and the profiles recorded are presented in
Figure 4.15. The profiles are offset vertically for clarity. Comparing this data with
the deposited aluminium and gold data, shown in Figure 4.5 and Figure 4.13 re
spectively, it appears that ionisation is detectable at much lower field strengths
in the case of the rough surface. Such a result implies that ionisation occurs
over a greater range of molecule /surface separation. However, this effect can
be attributed to the different topographies characteristic of each surface. The sur
face analysis reported in Section 3.2.4 indicates that for the deposited aluminium
surface the average height fluctuations across a 500 nm sample are less than 2
nm, while the equivalent value for the deposited gold surface is less than 1 nm.
88

4. Analysis of experimental data

Surface ionisation signals 4.2

CJ

C
GO

CD
N

• T«H

13

0

200

400

600

800

Ion extraction field (Vcnr1)
Figure 4.14: Comparison of surface ionisation profiles for the (20d2) l and (I9d2) 1 states, as
labelled in the figure, using deposited gold and deposited aluminium surfaces.

These two surfaces may therefore be thought of as "flat" from the perspective
of an incident Rydberg molecule with a principal quantum number in the range
n = 17-22. However, the machined aluminium has a characteristic roughness
in the order of 300 nm with some micron sized defects on the surface. Such sig
nificant irregularities lead to a range of effective incident angles relative to the
local orientation of the surface plane, resulting in the field profile being extended
to lower (corresponding to shallower incident angles) and higher fields. The ex
tension of the profile to higher fields is not observable due to the fact that direct
field ionisation successfully competes at such fields, regardless of the nature of
the surface, preventing the molecules reaching the region in which surface ioni
sation may occur. It may also be the case that surface irregularities cause the field
to be locally inhomogeneous further modifying the ionisation characteristics of
the Rydberg molecules.
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Figure 4.15: Surface ionisation signal as a function of applied extraction field strength for
population of the (nd2) l Rydberg states, incident on the machined aluminium surface, for a
range of values n = 22 — 19.

4.2.8 The presence of structure in the surface ionisation vs
field profiles
An unexpected feature of the data presented above, for both the N+ = 0 and
N+ — 2 states, is the presence of strong resonance behaviour. The profiles do
not vary smoothly as the applied field is changed, as was apparently the case in
previous measurements on atomic systems [13]. This structure is experimentally
reproducible, as illustrated by Figure 4.16 which shows two separate measure
ments for the profile of the (17d2) 1 state incident on the deposited aluminium
surface. It is also evident from Figure 4.14 that the resonance behaviour appears
to be independent of the type of metal used to form the surface.
One possible explanation of the observed structure lies in the evolution of the
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Figure 4.16: Reproducibility of the surface ionisation signal as a function of extraction field
for population of the (17^2)! state, incident on the deposited aluminium surface, in two
separate field scans.

population of the Rydberg state initially prepared in the laser focus. Approxi
mately 800 ns after laser excitation the variable ion-extraction field is ramped up
over a period of ~ 100 ns and then held constant. It is feasible that this field ramp
may result in the initially populated Rydberg state evolving into a superposition
of Stark states. The ionisation behaviour in the presence of the surface potential
will now be governed by the dynamics of this superposition, which is related to
the magnitude of the applied extraction field.
In the case of an initial population of an N+ = 2 state, it was demonstrated in
Section 4.2.2 that the ionisation behaviour exhibited was more characteristic of a
state with an effective quantum number defined with respect to the N+ = 0 ion
isation threshold. Consequently the presence of resonances may be attributed to
a more facile mixing between N+ = 0 and N+ = 2 states for certain amplitudes
of the applied field, leading to enhanced surface ionisation probabilities under
these conditions. Such an enhancement is possible if the peak of the ramped field
corresponds to the field of an avoided level crossing between the initially popu
lated N+ = 2 state and a suitable N+ = 0 state. Analysis of the calculated Stark
map [30], reproduced with permission in Figure 4.17, indicates that there are 12
avoided crossings predicted in the range 750-1500 Vcnrr 1 between the extreme
red-shifted level of the N+ = 2, n = 17 Stark manifold (with which the experi91
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Figure 4.17: Stark map including all the N+ = 0 (n = 21 - 26) and N+ = 2 (16 - 18)
Mj — 0 states. The N+ = 0 states are shown in red. Two states are labelled for reference.
The red/black markers show the position of the 12 avoided crossings mentioned in the text.

mentally populated 17d level correlates adiabatically) and the blue-shifted levels
of the N+ = 0, n = 21 and 22 Stark manifolds. The surface ionisation profile
for n = 17 shown in Figure 4.16 has approximately the same number of peaks
in this field range. While confident that the number of crossing points matches
the number of peaks in the surface ionisation profile, the exact position of these
crossings do not correlate with the position of the experimentally determined
peaks. Owing to resolution limitations it has not, so far, been possible to perform
spectroscopic experiments to accurately determine the energies of these crossing
points. Consequently, it is not feasible to confirm that the crossings in the cal
culated Stark map are precisely positioned. As such, while there is qualitative
agreement between the surface ionisation profile and the predictions based on
the Stark map, no quantitative arguments can be inferred.
A similar but opposite argument can be presented to explain the presence
of structure in the profiles collected for an initial population of N+ = 0 states.
Rather than thinking of the structure as an enhancement of ionisation probability
leading to peaks in the profile, it is necessary to picture the structure as arising
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from dips in the profile associated with fields where the Rydberg state is less
sensitive to ionisation in the presence of the surface. Such a loss of sensitivity
could arise from the N+ = 0 state crossing back to an N+ - 2 state (which
requires a higher field for detection) at the crossing points.

4.2.9 Simulating the experimentally observed ionisation be
haviour
While the hydrogenic simulations presented in Chapter 2 provide a prediction
of the experimentally determined ionisation onset as observed for the N+ = 0
states, and can be seen to provide a prediction of the N+ — 2 behaviour if the
necessary change in quantum number is adopted (see Equation 4.7), it is appar
ent that molecular specific effects can influence the ionisation behaviour of Ryd
berg hydrogen molecules interacting with metal surfaces. Therefore, in order to
more accurately simulate the problem at hand, with the aim of fully understand
ing both the behaviour of the N+ = 2 states and the presence of structure in the
ionisation profiles, it would be necessary to modify the calculations. Adaptation
of the model presented in Chapter 2 to include the behaviour of the N+ — 2 states
requires that the basis function given in Equation 2.17 is extended to include the
rotational wavefunction of the H2+ core. The couplings between the rotational
channels could be derived from non-zero quantum defects as shown previously
in [30]. Both of these modifications result in considerably expanded matrices
and it should be noted that the inclusion of a core rotational angular momen
tum of 2 actually multiplies the number of basis functions required by a factor
of 5. Additionally, the investigation into origin of the structure would require
the determination of the evolution of the Rydberg wavefunction, by integration
of the time-dependent Schrodinger equation, as it passes a multitude of avoided
crossings in the calculated Stark map because the field is ramped up during the
molecules approach to the surface. Thus although the necessary methodology is
established its implementation would invovle considerable computational chal
lenges.
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Conclusions

The initial investigations into the behaviour of molecular Rydberg states incident
on a metal surface that are presented in this chapter have shown that the presence
of rotational degrees of freedom does have a significant effect on the tunnelling
ionisation process. Firstly, it appears that ionisation is facilitated by the complete
transfer of energy from the H2+ ion-core rotation to the Rydberg electron. Such a
conclusion can readily be drawn from the markedly different scaling of the mole
cule/surface separation, Zz , at which ionisation occurs. For states with no core
rotational angular momentum (N+ = 0), Z, scales as n2, whilst for those states
with two units of core rotational angular momentum (N+ = 2) the scaling factor
is vo2 . Secondly, it appears that the presence of structure is in some way con
nected to the possibility of coupling between states exhibiting differing degrees
of core rotational angular momentum. This differing scaling behaviour raises an
interesting question as to whether the structure can be simulated by purely trans
forming data calculated at lower n. At this time it is felt that this would not be
the case and that in order to accurately simulate the interactions of the N+ = 0
states (scaling as n2) with the N+ = 2 states (scaling as v2,) a full calculation as de
scribed in Section 4.2.9 would be required. Such a calculation would necessarily
include N+ = 0 states in the range n = 40 — 50. Taking this fact, coupled with the
increased number of basis functions arising from the inclusion of the rotational
wavefunction, it is prudent to ask whether such calculations are feasible.
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FIVE__________
Conclusions and future
investigations
While the interaction of Rydberg atoms with metal surfaces has been investigated
in the past, the work contained in this thesis has detailed for the first time the in
teraction of Rydberg molecules with metal surfaces. Experimentally determined
surface ionisation profiles as a function of applied field have been presented for
Rydberg molecules initially excited to states possessing either 0 or 2 units of core
rotational angular momentum (N+ = 0 and 2 respectively). It is shown that
ionisation occurs at a molecule/surface separation in the range 3-5n2a0 for the
N+ = 0 states. This is in good agreement with previous experimental studies in
volving atoms, as well as theoretical studies based on a purely hydrogenic model.
In contrast the behaviour exhibited by the N+ = 2 states does not, at first glance,
appear to fit this trend. Scaling the ionisation distance as a function of a new ef
fective principal quantum number, v0/ defined with respect to the N+ = 0 first
ionisation threshold, however, has been shown to indicate that the ionisation oc
curs at a molecule/surface separation of S-Sv^o- Such an analogous result is
attributed to the couplings between the N+ = 2 and N+ = 0 channels. This
coupling facilitates the total transfer of rotational energy from the molecule ion
core to the Rydberg electron. Thus it is clearly demonstrated that the presence of
rotational degrees of freedom has a significant effect on the tunneling ionisation
process.
Furthermore, the surface-ionisation profiles presented are not smoothly chang
ing as a function of applied field, instead exhibiting strong resonance behaviour.
The experimental reproducibility of this structure, together with the fact that the
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observed effect does not change with variation of field step size, or the position
at which the beam strikes the surface, indicates that this is a real phenomenon
rather than an experimental artifact. While a plausible explanation has been dis
cussed, suggesting that an enhancement of ionisation probability occurs at fields
which correspond to avoided crossings in the Stark map between the N+ = 0
and N+ = 2 states, the exact origin of this structure has yet to be firmly estab
lished. Indeed it is not clear whether this is a feature exhibited solely by Rydberg
molecules and, as such, experiments involving atomic Rydberg states, carried out
in an identical manner to those presented here, would be a useful first step in
characterising this structure. Further investigations could also focus on the in
teraction of other Rydberg molecules such as NO or CO. A comparison between
their behaviour and that of hydrogen Rydberg molecules could shed further light
on the role of channel interactions in the origin of the structure.
Although the above observations constitute the bulk of the experimental in
vestigations, it has also been shown that the particular metal chosen as the target
surface has no discernible influence on the ionisation behaviour exhibited by the
molecules, when gold is compared to aluminium. Clearly such a small sample
of metals does not provide sufficient evidence from which to draw conclusions
about the influence of the surface material on the ionisation behaviour. It would,
therefore, be of interest to extend the investigations to other metals and perhaps
further still to semiconductors.
Furthermore, owing to the particular techniques employed to prepare the sur
face, it is feasible to control the thickness of the deposited layer. Consequently
there is scope within the present setup to investigate the effect that the metal
layer thickness has on the ionisation behaviour of the molecules. Recent calcula
tions suggest large variations of ionisation behaviour [87, 88] with film thickness
when the thickness is of comparable size to the dimension of the Rydberg orbit
(for n = 20, ra = 20nm).
The development of a theoretical model to simulate the experimentally ob
served ionisation behaviour is also presented. While a sufficient model has yet
to be developed, the discussion of the complex scaling technique, together with
the results for a system based on atomic hydrogen, do detail a proof of concept
which can provide a stepping stone to the ultimate goal. In order to adapt the
model for this new case of a Rydberg molecule interacting with a surface the ba
sis set would need to be extended to include the rotational wavefunction of the
core. A full treatment would additionally require the inclusion of predisso96
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ciation and also the determination of the evolution of the Rydberg wavefunction
and this is far from trivial.
In conclusion, this work clearly demonstrates that there is a specific molecu
lar effect observed when Rydberg molecules interact with metal surfaces. Future
investigations could focus on other molecular effects such as surface induced predissociation of the Rydberg molecules. It is conceivable that the neutral species
generated in this process may be detected upon impact with the MCP detector. It
may also be feasible to utilise the interaction of Rydberg molecules with surfaces
to study reactive processes. In one scenario, the interaction of a Rydberg mole
cule with adsorbates on the surface may proceed via the transfer of the Rydberg
electronic energy into the breaking of a chemical bond, for example a C-H bond,
followed by secondary reaction with the incident molecule. It is hoped that this
work will stimulate many future investigations into the interactions of Rydberg
states with a variety of surfaces.
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