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Rydberg States
Chemical and Technological Applications
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Werner Prize Winner 1999

Abstract: High Rydberg states of atoms and molecules possess unusual properties that can be exploited in
chemistry and technology. The extreme sensitivity of these states to external influences makes them ideal
probes of their environment and they can be used to measure electric fields and ion concentrations in the gas
phase with high accuracy. The highest Rydberg states with principal quantum number n ~ 200 lie energetically
so close to successive ionization thresholds in atoms and molecules that they can be used to determine
ionization potentials precisely and to extract detailed information on the energy level structure of molecular
cations. To investigate and better exploit the properties of high Rydberg states, we have developed new high-
resolution vacuum ultraviolet laser sources and combined these with millimetre waves in double-resonance
experiments. In these experiments a spectral resolution of up to 60 kHz can be achieved. High-resolution
spectroscopy is ideally suited to study the fascinating behaviour of high Rydberg states and opens the way
to promising applications in the gas-phase chemistry of unstable and charged particles and in measurement
technology.

Keywords: High-resolution spectroscopy' Ionization potentials· Millimetre waves· Molecular Rydberg states
. Photoelectron spectroscopy' Vacuum ultraviolet lasers
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1. High Rydberg States and Their
Properties

Over the past four years my research group
has followed a research program devoted
tofundamental investigations of high atom-
ic and molecular Rydberg states using
high-resolution spectroscopy.

Rydberg states of atoms and molecules
are electronically excited states, the ener-
getic position of which can be described
by Rydberg's formula [1]

In Equation (1) h, c and R are Planck's
constant, the speed oflight and Rydberg's
constant, respectively. n represents the
principal quantum number (n = 1,2, ... )
and 8[ the quantum defect which depends
on the orbital angular momentum quan-
tum number I (l = 0,1, ... , n-l). The states
characterized by Equation (1) form an
infinite series, a Rydberg series, which
converges at n = 00 to the ionization limit.

Although atomic and molecular Ryd-
berg states have been the object of scien-
tific investigations for more than a century
[1-7], the development of new spectro-
scopic techniques which exploit the prop-

erties of very high Rydberg states (with n
~ 100), such as pulsed-field-ionization
zero-kinetic-energy (PFI-ZEKE) photo-
electron spectroscopy [8] and mass-ana-
lyzed threshold ionization (MATI) spec-
troscopy [9], has stimulated a new interest
for the properties of high molecular Ryd-
berg states (recent reviews are Refs. [10-
14]) and provided our initial motivation.

Most physical and chemical properties
of Rydberg states scale as integer powers
ofn and therefore vary rapidly with n [12].
An overview of the n dependence of se-
lected properties is given in Table 1which
also contains representative numerical
values. For instance, the binding energy of
the Rydberg electron scales as n-2, the size
of the Rydberg electron orbital (roughly
given by the radius of the Bohr orbit) as n2
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a For the hydrogen atom. bValues extrapolated from the value of the Na n = 1Od Rydberg state.

Table 1. The properties of high Rydberg states and their dependence on the principal quantum
numbern

Property n dependence Numerical Values

n=1 n = 100 n = 1000

Mean radius n2 53 pm 0.53 ~m 53~
Binding energy/em 1 n-2 1096674 10.9 0.1

Period of electronic motion n3 0.15 fs 0.15 ns 150 ns

Spacing between levelslcm-1 n-3 ca. 80000 0.2 2·1Q-4

Polarizabllityb/(MHz cm2fV2) n7 0.2.10--7 0.2'107 0.2'10'4
Threshold IOOlzationfield/{V/cm) n-4 ~ 108 3.3 3.3·10....,
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and the spacing between adjacent mem-
bers of a Rydberg series as n-3. The period
of the electron orbiting motion which, in a
classical picture, gives the time interval
separating successive encounters of the
Rydberg electron with the ionic core scales
as n3, and so does the lifetime of molecular
Rydberg states; indeed, the decay of mo-
lecular Rydberg states by nonradiative
processes such as autoionization or pre-
dissociation necessitates an energy ex-
change between the ion core and the Ryd-
berg electron which can only efficiently
take place when the electron returns to the
immediate vicinity of the core. The in-
crease of the lifetimes with n, and the
resulting narrowing of the natural line-
widths, make high-resolution spectrosco-
py ideally suited to study the properties of
high Rydberg states.

It is apparent from the scaling laws
summarized in Table 1 that high Rydberg
states possess very unusual properties.
These properties make high Rydberg states
fascinating to investigate experimentally
in their own right; they are also unusual
enough that they can be exploited in novel
chemical and technological applications.
For example, the polarizability a of Ryd-
berg states scales with n7. An atom in an n
= 100 Rydberg state is 1014 times more
sensitive to electric fields than in its ground
state and can therefore be used as a very
sensitive local electric field sensor (see
Section 3 below). The rapid decrease of
the binding energy with increasing n value
can be used to determine ionization poten-
tials of atoms and molecules experimen-
tally with high accuracy by extrapolation
to n = 00 using Equation (1).

When an applied electric field becomes
equal to, or greater than, the atomic or
molecular field that binds the Rydberg
electron to the positively charged ion core,
field ionization takes place. The value of
the threshold field for field ionization scales
as n-4. This scaling law turns out to be of

great practical significance for the detec-
tion of high Rydberg states: Electrons or
ions released by pulsed field ionization of
Rydberg states can be detected easily and
with almost 100% efficiency. Moreover,
all Rydberg states located above a chosen
n value can be selectively ionized by ap-
plying a suitably small ionizing electric
field. The field ionization of high Rydberg
states can be exploited to obtain precise
spectroscopic information on molecular
ions with high sensitivity (see Section 4
below).

2. High-Resolution Spectroscopy of
High Rydberg States

The study of high Rydberg states poses
several experimental challenges:
1. The Rydberg spectrum of most small-

sized molecules lies in the vacuum
ultraviolet (VUV, ).,~ 200 nm) region
of the electromagnetic spectrum where
no commercial tunable laser systems
are available, or even in the extreme
ultraviolet (XUV, ).,~ 105 nm) where
no material is known that still trans-
mits radiation. To carry out spectro-
scopic measurements in these regions
one must develop one's own laser
sources, hold laser light source, sam-
ple and detectors in the same vacuum
system and make extensive use of dif-
ferential pumping.

2. The rapid increase of the spectral den-
sity of Rydberg states with n (see Table
1) renders a high experimental resolu-
tion imperative: To resolve adjacent
Rydberg states atn = 1000, a resolution
of at least 2·10-4 cm-1 (ca. 6 MHz) is
required, and this at wavenumbers of
more than 105 cm-1 above the ground
neutral state.

3. The extreme sensitivity of high Ryd-
berg states to even small external per-
turbations can easily falsify high-reso-
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lution spectroscopic measurements and
require magnetic shielding and the de-
velopment and implementation of reli-
able diagnostic tools for the determi-
nation and elimination of weak stray
electric fields.
The most general and broadly applica-

ble approach to study atomic and molecu-
lar Rydberg states spectroscopically relies
on the direct single-photon excitation from
the ground neutral state using VUV or
XUV radiation sources. Early studies were
carried out using the continuous emission
spectrum of high pressure rare gas lamps
in combination with large monochroma-
tors [15][16]. Nowadays, these sources
have been almost completely replaced by
synchrotron radiation sources which offer
the advantages of higher spectral bright-
ness and broader tunability. However, the
need to monochromatize the broad-band
synchrotron radiation still limits the reso-
lution achievable by modem synchrotrons
to approximately 1 cm-I in the range 10-
20eV [17]. Laser sources based on nonlin-
ear optical processes in gases offer distinct
advantages for high-resolution VUV spec-
troscopy: These sources do not necessitate
a large-scale infrastructure, are relatively
inexpensive and can be constructed and
operated by a single experimentalist. More-
over, bandwidths significantly narrower
than 1 cm-1 can be achieved by nonlinear
frequency upconversion of commercial
nanosecond dye lasers. The first VUV/
XUV laser sources became operational in
the Eighties [18-20] and soon found ap-
plication inVUV spectroscopy in the range
10--17eV [2]-24] and more recently up to
20 eV [25][26].

Fig. 1 shows a schematic view of one
of our VUV laser systems. Tunable radia-
tion with frequency VyUY is generated by
two-photon resonance-enhanced sum- or
difference-frequency mixing VyUY =2vl ±
V2 of two tunable visible or UV Nd-YAG-
pumped dye lasers of frequency v I and V2
using pulsed rare gas beams as nonlinear
media. The dye laser frequencies can be
doubled or tripled in nonlinear crystals
such as ,B-BariumBorate (BBO) crystals
with an efficiency of ca. 20%. The fre-
quency of the first laser is held fixed at the
position of a two-photon resonance of the
nonlinear gas so as to enhance the VUV
generation efficiency. Tunability of the
VUV radiation is achieved by scanning
the frequency V2 of the second laser. By a
suitable choice of two-photon resonances
in xenon, krypton and argon, the complete
energy range between 8 eV and 20 eV can
be covered with pulse energies up to 1010

photons per laser pulse at repetition rates
of 10-25 Hz. Starting from commercial
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Fig. 1. Schematic view of a VUV laser system developed to study high Rydberg states.

Fig. 2. High-resolution spectra of Rydberg states belonging to series converging on a) the lowest
(Ar+,2P3121 and b)the first spin-orbit excited (Ar+,2p 1/21 ionization threshold of argon. The spectrum
in a) was recorded at a resolution of 0.1 cm-1 using a broadly tunable VUV laser source and that
in b) with a single-mode VUV laser enabling a resolution of 0.008 cm-1. At a resolution of 0.1
cm-l, the ns[3/2](J = 1) series cannot be distinguished from the nd[3/2](J = 1) series in trace a).

pulsed dye lasers, aVUVbandwidth of 0.1
cm-I can be achieved [27]. Recently, we
have been able to construct a single-mode
VUV laser system tunable in the range
from 8 to 17 eV with a 0.008 cm-I band-
width by pulsed amplification of single-
mode cw ring lasers [28]. After the nonlin-
ear frequency upconversion process, the
generated VUV radiation is separated from
the fundamental frequencies in a vacuum
monochromator and redirected towards
the experimental region where it crosses a
pulsed supersonic beam of the molecules
or atoms to be studied at right angle. Ions
and electrons produced by photoioniza-
tion or pulsed field ionization are extract-
ed by a pulsed electric field and directed
through a flight tube to a multichannel
plate (Mep) detector.

The lower panel in Fig. 2 shows a
spectrum of s (l =0) and d (l = 2) Rydberg
series of argon in the range n = 40-75
converging on the lowest ionization thresh-
old (corresponding to the production of a
ground state 2P3/2 Ar+ ion). The spectrum
was measured at a resolution of 0.1 cm-I
by monitoring the field ionization induced
by a 800 V!em pulsed electric field as a
function of the VUV wavenumber. The
upper panel displays a spectrum of n =55-
57 Rydberg states of argon belonging to
series converging on the second ioniza-
tion threshold of argon (Ar+ 2P1/2) record-
ed at a resolution of 0.008 cm-1 using our
single-mode VUV laser [28]. These states
lie above the lowest ionization limit and
decay rapidly by spin-orbit autoioniza-
tion. The broad asymmetric resonances
correspond to very short-lived d Rydberg
states and the sharper resonances to long-
er-lived s Rydberg states. The pronounced
asymmetric line shapes are characteristic
of autoionizing resonances and contain
detailed information on the decay dynam-
ics of the Rydberg states [29][30].

VUV laser spectroscopy is well suited
to obtain spectroscopic and dynamical in-
formation on Rydberg states up to approx-
imately n = 100. However, intrinsic limi-
tations imposed by the bandwidth of these
sources and by Doppler broadening (the
Doppler shifts are proportional to the ex-
citation frequency and are significant in
the VUV even when collimated gas beams
expanding perpendicularly to the propa-
gation direction of the VUV radiation are
used; at a wavenumber of 100 000 cm-1,

the Doppler broadening of spectral lines
of a gas expanding at a speed of 500 mls in
a cone with opening angle of 10° amounts
to approximately 0.03 cm-I) prevent the
investigation of the highest Rydberg states
and the observation of the finer details of
the energy level structure.
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To obtain such details, we use millime-
tre waves tunable in the range 120-180
GHz (4-6 cm-1) in combination with VUV
radiation in double-resonance experiments
[31]. In these experiments, the frequency
of the VUV laser is held fixed on a given
resonance to prepare a population in a
selected Rydberg state. The millimetre
waves are scanned and induce transitions
from the selected Rydberg state to neigh-
bouring Rydberg states. Because the band-
width of the millimetre waves radiation is
less than 1 kHz (3.10-8 cm-I) and the
Doppler broadening in the wavenumber
range 4-6 cm-I is approximately 20 000
times less than at 100000 cnr I,more than
three orders of magnitude can be gained in
the resolution. This gain in resolution is
illustrated in Figure 3 which shows in the
lower panel a millimetre waves spectrum
of the transitions between the n = 62 d[3/
2](J= 1) state of argon andp andfRydberg
states with n values in the range 68-71.
Whereas the corresponding region of the
VUV laser spectrum in Figure 2a appears
spectrally congested because of the limit-
ed resolution, the millimetre waves spec-
trum consists of a series of perfectly re-
solved, sharp lines. The upper panel in
Fig. 3 shows an expanded view of the
transitions to the 68fRydberg states that
appear as a doublet in the lower spectrum
but are in fact a triplet of fine structure
components split by the spin-orbit interac-
tion [31].

At present our maximal resolution
amounts to 60 kHz (2·10-6 cm-I) and is
limited by the transit time of the molecules
through the experimental region [32]. This
resolution is amply sufficient to obtain the
finest details of the energy level structure
of high atomic and molecular Rydberg
states. As an illustration, Figure 4a dis-
plays a millimetre waves spectrum of the
transition between n = 51 d and 55 p andf
Rydberg states of H2 belonging to series
converging to the N+ = I rotational level of
the ortho-H2+ ion core. The upper spec-
trum in Fig. 4, recorded at a resolution of
1 MHz, shows an expanded view of the
line marked by a vertical arrow in Fig. 4a
and demonstrates that each line of the
survey spectrum actually consists of sev-
eral closely spaced lines. The Rydberg
transition splits in a multitude of fine and
hyperfine structure components and the
millimetre waves spectrum contains the
most detailed information that can be ob-
tained on the complex interaction between
the two nuclear spins I= 1/2, the molecular
rotation N+ = 1, the electron spin of the
Rydberg electron s = 1/2, the electron spin
of the ion core S+ = 1/2 and the electron
orbital angular momentum l [33].
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3. Electric Field Measurements
Using High Rydberg States

Even weak electric fields profoundly
alter the properties of high Rydberg states.
Because the polarizability a scales as n7

(see Table I), the spectral position of low
1, high n Rydberg states undergo appreci-
able quadratic Stark shifts L1v in the pres-
ence of an electric field of magnitude E

The weak and undefined stray electric
fields that are inevitably present in most
spectrometers and vacuum systems can
easily falsify high-resolution spectroscopic
measurements on high Rydberg states.
These fields must be measured and com-
pensated carefully. A convenient and very
sensitive way of measuring these electric
fields that we have developed for our
studies [32] makes use of the large polar-
izability of the high Rydberg states them-
selves. The measurement procedure is il-
lustrated in Fig. 5. A millimetre waves
transition between two high Rydberg states
(here between the n = 77d[3/2](J = 1) and
the 9 Ij[5/2] (1= 2) Rydberg states of the
krypton atom) is recorded at high resolu-
tion as a function of the magnitude of an
intentionally applied electric field. Be-
cause the spectral shift varies quadratical-
ly with the electric field strength, the line
positions, when plotted as a function of the
field strength, fall on a parabolic curve. At
the apex of the parabola, the component of
the electric field in the direction of the
applied field has been exactly compensat-
ed, and the value of the applied compensa-
tion field corresponds to the negative val-
ue of the stray field (here -646 ± 20 ~V/
cm). The data in Fig. 5 show that stray
fields weaker than I mV/cm can be meas-
ured in this way, and subsequently com-
pensated with an accuracy of 20 ~V/em.

This compensation procedure, howev-
er, only removes the spatially homogene-
ous component of the field and is not
suited to eliminate electric field inhomo-
geneities. These inhomogeneities lead to
an asymmetric inhomogeneous broaden-
ing of the spectral lines that becomes in-
creasingly noticeable at increasing values
of the electric field in Fig. 5. In our exper-
iments, electric field inhomogeneities orig-
inate primarily from charged particles in
the experimental volume that are inevita-
bly produced by VUV laser radiation. In-
creasing the intensity of the VUV radia-
tion leads to a marked increase in the
inhomogeneous broadening. From the
analysis of the broadened lineshapes, the
inhomogeneous electric field distribution

Frequency [MHz]

molecular ions. Indeed, Rydberg series
exist that converge on every electronic,
vibrational, rotational and hyperfine ener-
gy level of molecular ions. Detailed spec-
troscopic information on molecular ions
can therefore be extracted from measure-
ments of these series and subsequent ex-
trapolation to the series limits. The advan-
tages of this approach are a) that such
measurements are carried out on neutral
molecules and are not subject to the re-
strictions imposed by space-charged ef-
fects, and b) that the series limits can be
determined at the same resolution as the
Rydberg spectrum itself. The obvious dis-
advantage lies in the work that has to be
invested in the analysis of the often very
complex Rydberg spectra and in a correct
extrapolation to n = 00. Although we are
currently developing and testing proce-
dures [33] to extract precise spectroscopic
information on molecular ions by compar-
ing the extrapolated series limits deter-
mined from our high-resolution millime-
tre waves spectra of high Rydberg states of
H2 (see above) with the well-known ener-
gy level structure of H2+ [34], another
experimental approach, pulsed-field-ion-
ization zero-kinetic-energy (PFI-ZEKE)
photoelectron spectroscopy [8][10-12]
still is of greater practical significance.

Effective zero field line
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4. Ion Spectroscopy Using High
Rydberg States

Ions are difficult to study by high-
resolution spectroscopy. The Coulomb re-
pulsion forces between ions of the same
charge and space-charge effects prevent
the build up of concentrations much larger
than ca. 1011 ions/cm3 in the gas phase and
cause significant Doppler broadening.
Both effects reduce the applicability of
high-resolution spectroscopic measure-
ments to ions in the gas phase. Several
important ions, such as CH/, have so far
remained completely impermeable to spec-
troscopic investigations.

The Rydberg spectrum offers a way to
determine the energy level structure of

can be reconstructed and subsequently be
used to precisely determine the ion con-
centration in the experimental volume (see
Ref. [32] for more details).

Precise measurements of electric fields
and ion concentrations such as those out-
lined here can be useful for a wide range of
applications including the study of ion-
molecule reactions, the investigation of
plasmas and the determination offrequen-
cy standards.

Fig. 5. Electric field measurements using high Rydberg states. The quadratic Stark shift of a
transition between high Rydberg states (here the n = 77 d[3/2](J = 1) and the n = 91 fI5/2]( J= 2)
Rydberg states of krypton) is recorded as a function of the strength of an intentionally applied
electric field (see text and Ref. [321 for additional details).

(2)v = 1/2a':!
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Ionization Energy (eV)

Table 2. The first adiabatic ionization potential of several molecules determined in our recent work
by field ionization of high Rydberg states.

A PFI-ZEKE photoelectron spectrum
is obtained by recording the pulsed field
ionization of high Rydberg states (typical-
ly with n ~ 100) as a function of the
wavenumber of a tunable light source that
is scanned through successive ionization
thresholds. Because of the insufficient res-
olution of the laser sources used in PFI-
ZEKE experiments, the individual Ryd-
berg states that constitute a line in a PFI-
ZEKE spectrum are not resolved. After a
small correction (of typically less than 8
cm-I) is made to take into account the fact
that these Rydberg states are actually lo-
cated below the field-free ionization thresh-
olds, each line in a PFI-ZEKE photoelec-
tron spectrum can be interpreted as an
energy difference between a level of an
ion and one of its parent neutral molecule.
The technique thus provides similar infor-
mation as conventional HeI photoelectron
spectroscopy, but at a considerably higher
resolution.

Because the threshold field for field
ionization decreases with increasing n
values (see Table 1), the lines in a PFI-
ZEKE photoelectron spectrum broaden
towards lower frequencies at increasing
pulsed ionization field strength. Moreo-
ver, the position and shape of the lines
depend on the stray fields and the ion
concentration in the experimental volume
[35-37]. Consequently, a detailed charac-
terization of stray fields and ion concen-
trations, for instance with the method pre-
sented in Section 3, turns out to be essen-
tial to optimize the sensitivity and the
resolution of PFI-ZEKE phototelectron
spectroscopic measurements, and to pre-
cisely calibrate the energy shift of the
ionization thresholds induced by the pulsed
electric fields. Two advantages result from
a careful minimization of the stray fields:
First, the highest Rydberg states can be
observed by field ionization, and, second,
very small pulsed electric fields can be
used in the field ionization step. Both
advantages help to improve the resolution
and to detect only the highest Rydberg
states, i.e. those that lie closest to the
actual ionization limits. Ionization poten-
tials can therefore be determined with
improved accuracy. Table 2 lists accurate
values for the lowest adiabatic ionization
potential of several molecules determined
in our recent studies.

At present, we can routinely record
PFI-ZEKE photoelectron spectra at a res-
olution between 0.2 and 0.3 cm-I. This
resolution corresponds to the highest that
has been achieved so far by photoelectron
spectroscopy and has enabled us to obtain
new spectroscopic information on the
ground electronic states of several cations
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Fig. 6. Comparison ofthe Hel photoelectron spectrum ofCH4 (lower trace, adapted from Ref. [50])
and the PFI-ZEKE photoelectron spectrum (upper panel, trace a». Traces b-d) in the upper panel
indicate the results of model calculations of the vibrational structure based on various assump-
tions on the potential energy surface of the ground electronic state of CH4+ (see Ref. [45] for
additional details).

·Value determined for the 84Kr2isotopomer. bValue obtained by subtracting the band centre of
the OCS+ ,4203/2(000) f- OCs+ X'203/2(000) transition measured by Ochsner et a/., [40J from the
band centre ofthe OCS+ ,4 20312(000) f- OCS X" E(OOO) photoelectronic transition. cTheuncertain-
ty represents the half width at half maximum of the rotational contour of the lowest band in the
photoelectron spectrum.
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such as 02+ [41], Ar2+ [42], Kr2+ [43],
OCS+ [39], H20+ [41], ND4+ [44], CH4+
[45], CDH3 +[46], CD2H2+[47], CD4+[46]
and on several excited electronic states of
02+ [48], N2+[25], Ar2+[49], OCS+ [39]
and Kr2+ [43]. It has also enabled us to
characterize the structure of an intriguing,
short-lived radical, the ammonium radical
which, in its lowest metastable electronic
state, is isoelectronic to the alkali metal
atoms [44].

In the case of the methane cation, no
rotationally resolved spectra had been
obtained until the PFI-ZEKE photoelec-
tron spectrum could be measured [45].
Fig. 6 compares the PFI-ZEKE photoelec-
tron spectrum of CH4 (upper panel, trace
a)) with the HeI photoelectron spectrum of
Rabalais et al. [50] (lower panel). Thanks
to the higher resolution, an extensive pro-
gression of sharp rotational lines can be
observed in the PFI-ZEKE photoelectron
spectrum whereas the HeI photoelectron
spectrum only reveals a partially resolved
vibrational structure. From the analysis of
the complex vibrational and rotational
structure of the PFI-ZEKE photoelectron
spectrum, important structural and dynam-
ical information have been extracted on
CH4+ [45] and its isotopomers CDH3+
[46], CD2H2+ [47] and CD4+ [46] which
are all subject to a strong Jahn-Teller dis-
tortion in their electronic ground states.

5. Conclusions

The development of new light sources
for VUV spectroscopy, and the combina-
tion of millimetre waves and VUV radia-
tion in double-resonance experiments have
greatly facilitated the experimental study
of the spectroscopic and dynamical prop-
erties of high Rydberg states. The com-
plete energy level structure of high Ryd-
berg states, including the hyperfine struc-
ture, can be measured up to high values of
the principal quantum number. High-res-
olution spectroscopy of high Rydberg
states can also be used to carry out very
precise measurements of stray electric
fields and ion concentrations. Such meas-
urements are essential to characterize and
optimize the experimental conditions un-
der which the spectra are recorded. More-
over, they greatly help to optimize the
resolution that can be attained by photo-
electron spectroscopy. At the current res-
olution limit of 0.2 cm-l, new information
can be extracted by photoelectron spec-
troscopy on the energy level structure of
important cations, and ionization poten-
tials can be determined with high accura-
cy.
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