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Millimetre wave spectroscopy of high Rydberg states

F. MERKT and A. OSTERWALDER

Physical Chemistry, ETH Zurich, CH-8093 Zurich, Switzerland

We have recently developed high-resolution vacuum ultraviolet laser sources
and combined these with millimetre waves in double-resonance experiments to
achieve a spectral resolution of up to 60 kHz in the spectra of high Rydberg states.
The article describes the main features of our experimental procedure and presents
studies in which we have used millimetre wave spectroscopy (a) to obtain
information on the energy level structure, including the spin±orbit and hyper®ne
structure, of atomic Rydberg states at high principal quantum numbers n, (b) to
record spectrally resolved spectra of the high Rydberg states (n ¶ 100) detected in
pulsed-®eld-ionization zero-kinetic-energy photoelectron spectra, (c) to measure
stray electric ®elds and ion concentrations in the gas phase, (d) to test and improve
the selectivity of the electric ®eld ionization of high Rydberg states and (e) to
observe for the ®rst time the hyper®ne structure in high-n, low-l molecular
Rydberg states.
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1. Introduction
High-resolution spectroscopy of atomic Rydberg states has been a very fruitful

®eld of research for many years and has provided a detailed understanding of their
physical properties [1±3]. For experimental convenience the vast majority of high-
resolution spectroscopic investigations of atomic Rydberg states have been limited to
systems that can be studied using visible or ultraviolet (UV) laser technology, i.e.
metal atoms that possess low-lying ionization potentials (see [1, 2] and references
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therein), or rare gas atoms that can conveniently be prepared in metastable states

(see, for instance, [4, 5]).

Spectroscopic studies on atomic Rydberg states are typically performed in two

distinct frequency ranges: visible or UV radiation is used to measure Rydberg
spectra starting from the ground electronic state or from a long-lived metastable

state. Microwaves or millimetre waves are used to measure, at very high resolution,

small energy di� erences between neighbouring Rydberg states [6], between ®ne or

even hyper®ne structure components of a given …n; l† Rydberg state [7, 8] or between

neighbouring Stark states [9]. Of particular importance for the work presented here

was the work of Fabre et al. [10] who used millimetre waves to record spectra of the

Na atom between n ˆ 20 and n ˆ 40 at a spectral resolution of º1 MHz.
Spectroscopic studies of Rydberg states of high principal quantum number

n ¾ 50 require a high spectral resolution and considerable care in controlling

experimental conditions. Noteworthy examples of high-resolution spectroscopy of

very high atomic Rydberg states are the studies of Dunning and coworkers on

Rydberg states of the potassium atom [12], of Hotop and coworkers on Rydberg

states of the argon atom [4, 13±15], of Beigang et al. on Rydberg states of the

strontium atom [16, 17] and of Neukammer et al. on high Rydberg states of the
barium atom [18].

Almost no high-resolution spectroscopic information is currently available on

high Rydberg states of other atoms, and, with the exception of microwave

measurements on high angular momentum Rydberg states of H2 at n ˆ10 and 27

[19±22], nothing is known experimentally of the details of the energy level structure

of high molecular Rydberg states. Several reasons may be put forward to explain this

lack of information. The optically accessible low-l Rydberg states of molecules decay
rapidly by predissociation and/or autoionization and are generally believed to be too

short lived to be interesting candidates for high-resolution spectroscopic investiga-

tions. Moreover, the Rydberg spectrum of most small molecules lies in the vacuum

ultraviolet (VUV) and is not easily accessible by single-photon laser spectroscopy.

We report on a generalization of earlier spectroscopic measurements on Rydberg

states of atoms with low ionization potentials to other atoms and molecular systems.

Our experimental procedure relies on the use of narrow-bandwidth tunable lasers in
the VUV (tunable range 10±19.7 eV [23], bandwidth 1 meV or 250 MHz [24]) to

prepare an initial population of long-lived high Rydberg states directly from the

ground state and of millimetre waves to record spectra of transitions from the

initially prepared Rydberg states to neighbouring Rydberg states at a resolution of

better than 1 MHz [25].

Our initial motivation to study high Rydberg states spectroscopically at high

resolution had its origin in the early 1990s when pulsed-®eld-ionization zero-kinetic-
energy (PFI±ZEKE) photoelectron spectroscopy revealed the existence of surpris-

ingly long-lived (lifetimes of more than 10 ms) high Rydberg states (with n ¶ 100) in a

wide range of atomic and molecular systems [26±30]. Possible causes for these long

lifetimes have been discussed, and are still discussed, in the literature and include

intramolecular energy redistribution processes [27, 31] and Stark mixing by weak

homogeneous and inhomogeneous stray ®elds (see for instance [28, 32±36]). So far,
no detailed spectroscopic information is available that could be used to determine

conclusively the origin of the long lifetimes observed experimentally. Millimetre

wave spectroscopy is a convenient way to obtain this information. It also represents
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an attractive method to exploit the long lifetimes for high-resolution spectroscopy of
electronically highly excited states.

Next to fundamental investigations of the properties of high Rydberg states, the
use of millimetre wave spectroscopy in our laboratory has recently enabled us to
carry out quantitative measurements of stray electric ®elds [37] and ion concentra-
tions [38], to exploit the ®eld ionization dynamics of high Rydberg states to improve
the resolution of PFI±ZEKE photoelectron spectroscopy to better than 0.06 cm

¡1

[39] and to make progress towards resolving the hyper®ne structure in molecular ions
by high Rydberg state spectroscopy and PFI techniques [40, 41]. The present article
reviews our recent progress with emphasis on the experimental procedure.

2. Experimental procedure
The study of high Rydberg states poses several experimental challenges: First, the

spectral density of Rydberg states scales with n3 and renders a high experimental
resolution at high n values imperative. Then, the Rydberg spectrum of most small-
sized molecules lies in the vacuum ultraviolet (¶ µ 200 nm) or even in the extreme
ultraviolet (XUV, ¶ µ 105 nm) where Doppler broadening becomes a limitation to
the energy resolution. Finally, the extreme sensitivity of high Rydberg states to even
small external perturbations (the polarizability of Rydberg states scales as n7) can
easily falsify high-resolution spectroscopic measurements and necessitates the
implementation of reliable diagnostic tools for the determination and elimination
of weak stray electric ®elds.

VUV laser spectroscopy is well suited to study Rydberg states up to approxi-
mately n ˆ 100. Over recent years we have constructed two broadly tunable VUV
lasers for our studies of high Rydberg states. The ®rst one, which has been used for
most studies summarized here, is tunable from 10 to 19.6 eV with a bandwidth of
0.1 cm

¡1 [23, 42]. Very recently, we have developed a second laser system, tunable
from 9 to 17 eV with a bandwidth better than 250 MHz (0.008 cm

¡1) [24]. However,
intrinsic limitations imposed by the bandwidth of these laser sources and by Doppler
broadening prevent the investigation of the highest Rydberg states and the obtaining
of the ®ner details of the energy level structure.

To obtain such details, we use millimetre waves tunable in the range 120±
180 GHz (4±6 cm

¡1) in combination with VUV radiation in double-resonance
experiments [25]. In these experiments, the frequency of the VUV laser is held ®xed
on a given resonance to prepare a population in a selected Rydberg state. The
millimetre waves, which are produced by a broadly tunable frequency-stabilized
backward wave oscillator, are scanned and induce transitions from the selected
Rydberg state to neighbouring Rydberg states. Because the bandwidth of the
millimetre wave radiation is less than 1 kHz (3 £ 10

¡8 cm
¡1) and the Doppler

broadening in the wavenumber range 4±6 cm
¡1 is approximately 20 000 times less

than at 100 000 cm
¡1, more than three orders of magnitude can be gained in the

resolution. The millimetre wave transitions are detected by selective ®eld ionization
(SFI) which enables a high sensitivity and a background free detection. An
additional advantage of millimetre waves compared with microwaves is that they
can be directed `optically’ through the measurement region by using suitable lenses
or re¯ecting mirrors and do not require the use of waveguides and resonant cavities.

The maximum resolution that can be reached is limited by the transit times of the
molecules through the millimetre wave excitation region, and linewidths of 60 kHz

Millimetre wave spectroscopy of high Rydberg states 387
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have been measured in an skimmed supersonic expansion of atomic krypton [37].
The linewidths can be varied to match the experimental needs by adjusting the
measurement time, i.e. the time between the laser pulse and the application of the
pulsed electric ®eld as is illustrated in ®gure 1. The ®gure shows three recordings of
the 93p‰3=2Š…J ˆ 1† 77d‰3=2Š…J 0 ˆ 1† transition in krypton obtained with mea-
surement times ¢t of 3 ms (dotted line, full width at half-maximum (FWHM) of
350 kHz), 6 ms (broken line, FWHM of 150 kHz) and 18 ms (full line, FWHM of
60 kHz). (Argon and krypton Rydberg states are labelled in jl coupling, e.g.
…~nnp†5

nl
0‰kŠ…J†: …~nnp†5

represents the electronic con®guration of the core, n and l
denote the principal and the orbital angular momentum quantum number of the
Rydberg electron, the optional

0
denotes the series converging to the upper 2P1=2

spin±orbit threshold (instead of the lower 2P3=2 spin±orbit threshold), J is the total
angular momentum quantum number and k represents the angular momentum
quantum number associated with the vector k ˆ J ¡ s, where s is the Rydberg
electron spin angular momentum vector. See [43].) The inverted traces represent
calculated line pro®les using the intensity distribution function [44]

I…¸† ˆ I0 sinc2 …p¸ ¢t†: …1†

The spectral pro®les are characterized by side bands, the ®rst one of which is located
at a distance ¢¸ ˆ 1=¢t from the main peak. These side bands are observed at the
expected positions in the experimental spectra except for the spectrum recorded
using a delay time of 18 ms because, at such long delay times, the atoms start exiting
the measurement region before the application of the ®eld ionization pulse. Short
measurement times, and the associated line broadening, are particularly convenient
when searching for spectral lines [40].

F. Merkt and A. Osterwalder388

Figure 1. The e� ect of the delay between laser excitation and delayed PFI on the line shape
of millimetre wave transitions. The full, broken and dotted lines show spectra of the
93p‰3=2Š…J ˆ 1† 77d‰3=2Š…J 0 ˆ 1† transition obtained with delay times ¢t of 18 ms,
6 ms and 3 ms respectively. The inverted traces represent calculated line pro®les.
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Figure 2 gives an overview of the range of e� ective quantum numbers n
¤

that can

be studied with our millimetre wave source. The e� ective quantum numbers n
¤
1 and

n
¤
2 of the initial and ®nal Rydberg states of the millimetre wave transitions are

indicated along the horizontal and vertical axes respectively. The diagonal line

represents the initial Rydberg states and the two bands of ®nal states correspond to

transitions to higher or lower Rydberg states. Transitions to long-lived Rydberg

states located within these two bands are conveniently detected by SFI.

The most e� ective way of recording millimetre wave spectra from a selected
Rydberg state with principal quantum number n

0
is illustrated in ®gure 3(b) and

consists of applying a slowly growing electric ®eld pulse and setting detection gates

on the time-of-¯ight (TOF) spectrum of the electrons at the positions expected for

the ®eld ionization of the initial and ®nal Rydberg states. The earliest electron signal

stems from the ®eld ionization of the Rydberg states of principal quantum number
nA > n

0
that have been excited by absorption of millimetre wave radiation. The latest

signal in the TOF spectrum corresponds to Rydberg states of principal quantum

number nSE < n
0

produced by stimulated emission. The middle signal in the TOF

spectrum enables the monitoring of the population in the initially prepared Rydberg
state. As an illustration of this detection method, ®gure 4 shows millimetre wave

spectra recorded simultaneously from the initially prepared 62d ‰1=2Š…J 0 ˆ 1† state of

argon using a slowly growing pulse with a slew rate of 87.7 V cm
¡1 ms

¡1. The traces

labelled 1, 2, and 3 in the ®gure correspond to spectra obtained by monitoring the

early, late and middle electron signals in the TOF spectrum as a function of the
millimetre wave frequency. Not only can transitions to the 67 f Rydberg states

(absorption) and the 57 f Rydberg states (stimulated emission) be recorded

simultaneously in separate traces, but a weak reduction (c. 20%) in the ®eld

ionization signal of the initial state can also be observed at the positions of these

transitions (see ®gures 4(b) and (c)). In this way, a complete picture of the interaction

Millimetre wave spectroscopy of high Rydberg states 389

Figure 2. Range of ®nal Rydberg state e� ective principal quantum number n
¤
2 that can be

reached from an initial Rydberg state of e� ective principal quantum number n
¤
1 using

a millimetre wave source tunable between 120 and 180 GHz.
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of the millimetre waves with the high Rydberg states can be reconstructed. The only

disadvantage of this detection method lies in the long duration of the ®eld pulse

(c. 400 ns in the case illustrated in ®gure 4) during which millimetre wave transitions

are induced in a time-dependent electric ®eld that can lead to an enhanced
background signal or ®eld-induced structures in the millimetre wave spectra.

This disadvantage can be avoided by using a rapidly growing electric ®eld pulse

with an amplitude chosen such that only the upper Rydberg states (nA) can be
detected (see ®gure 3(a)). However, in molecules, this detection method fails

whenever the ®nal state is short lived and decays before the application of the

pulsed electric ®eld. In this case, it is more advantageous to monitor the transitions

as dips in the SFI signal of the initial state (see ®gure 11 below).
The millimetre wave transitions, particularly those between Rydberg states of

neighbouring principal quantum numbers (¢n small), are very easily saturated and

necessitate considerable attenuation of the millimetre wave intensity (typically 50±
60 dB, corresponding to intensities of 0.5±5 nW cm

¡2, for the strongest transitions

with initial state principal quantum number around n ˆ 50). In general, transitions

involving larger ¢n changes require higher intensities, but, even for transitions

between n ˆ 115 and n ˆ 200 Rydberg states, attenuation to º10 mW cm
¡2 or less is

necessary to avoid saturation.

Figure 5 illustrates how the millimetre wave intensity in¯uences spectral struc-

tures with the example of the 69f ‰3=2Š…J ˆ 1; 2† 62d ‰1=2Š…J 0 ˆ 1† transitions in

argon. The millimetre wave spectra recorded at intensities of c. 5 nW cm
¡2 (50 dB),

500 nW cm
¡2 (30 dB), 50 mW cm

¡2 (10 dB) and 0.5 mW cm
¡2 (0 dB) are displayed

from top to bottom in ®gure 5(b). In each case the full and broken lines correspond

to the ®eld ionization signals of the ®nal and initial states of the transition
respectively. Both traces were recorded simultaneously using a slowly growing ®eld

ionization pulse (see ®gure 3). The side panels in ®gure 5 show the electron TOF

spectra obtained at the positions of the lower (J ˆ 1, ®gure 5(a)) and upper (J ˆ 2,

®gure 5(c)) resonances. In each TOF spectrum the earlier peak stems from the ®eld

F. Merkt and A. Osterwalder390

Figure 3. Principle of the detection of millimetre wave transitions by SFI of initial and ®nal
states using (a) a fast electric ®eld pulse of well-de®ned amplitude or (b) a slowly
growing electric ®eld pulse.
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ionization of the ®nal n ˆ 69f states and the later broader peak from the ®eld
ionization of the n ˆ 62d initial state. The broken lines in the side panels represent
the integrated electron TOF signals from which the onset of saturation can be
determined. As soon as the integrated signals from the initial and ®nal states of the
transitions become comparable (i.e. at intensities of approximately 500 nW cm

¡2) a
broadening of the transitions becomes noticeable which eventually prevents the
observation of resolved spectral structures. The saturation can also be recognized in
®gure 5(b) from the equilibration of the amplitude of the dip in the spectrum of the
initial state with that of the peak in the spectrum of the ®nal state. At the highest
intensities shown in ®gure 5 the amplitude of the dips in the spectrum of the initial
state becomes larger than 50% of the total PFI signal because the millimetre waves
start ionizing the Rydberg states during the measurement time.

The tuning range of 120±180 GHz of the millimetre waves restricts most spectro-
scopic experiments to n values beyond 40 (see ®gure 2). At these values of n,
transitions between neighbouring Rydberg states that can be e� ciently induced by

Millimetre wave spectroscopy of high Rydberg states 391

Figure 4. Millimetre wave spectra recorded from the initially prepared 62d‰1=2Š…J 0 ˆ 1†
state of argon using a slowly growing pulse with a slew rate of 87.7 V cm

¡1 ms
¡1 and

showing transitions to the 67f and 57f Rydberg states. The traces labelled 1 and 2
correspond to spectra obtained by monitoring the ®nal Rydberg states produced by
absorption and stimulated emission respectively of millimetre wave radiation. The
trace labelled 3 shows the ®eld ionization signal of the initial Rydberg state. (b) and
(c) show details of the survey spectra of panel (a) on an expanded scale.
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millimetre wave radiation have frequencies below 180 GHz. The blackbody radiation

density below 180 GHz at 300 K amounts to less than 1/1000 of the maximum
intensity at 600 cm

¡1, and we have so far not observed any signi®cant interference of

the blackbody radiation with our measurements.
The position of high Rydberg states can be a� ected by the pressure shift induced

by the presence of foreign gas atoms or molecules within the Rydberg electron orbit
[45, 46]. The main contributions to the pressure shift stem from the polarization of

the foreign gas particles by the charged ion core, which leads to a shift towards lower
energies, and from the scattering of the slow Rydberg electron by the foreign gas

particle, which can lead to an energy displacement toward higher or lower energies
depending on the phase shift of the scattering wave function. The pressure shift can

have pronounced e� ects on Rydberg spectra recorded from the ground state [2, 45±
47] because the initial state of the transition is not a� ected by the pressure shift. Its

e� ect on millimetre wave transitions between high Rydberg states is much less
important because the initial and ®nal Rydberg states are subject to a very similar

pressure shift. Indeed the pressure shift becomes independent of n and l at high n
because the number of foreign gas particles within the Rydberg electron orbit

increases as rapidly as the electron density decreases. Our attempts to observe
pressure shifts by millimetre wave spectroscopy have so far remained unsuccessful.

The results of one such attempt are illustrated in ®gure 6 which shows two spectra of

F. Merkt and A. Osterwalder392

Figure 5. E� ect of the millimetre wave intensity on the spectrum of the
69f ‰3=2Š…J ˆ 1; 2† 62d‰1=2Š…J 0 ˆ 1† transitions in argon. The millimetre wave
spectra recorded at intensities of c. 5 nW cm

¡2 (50 dB), 500 nW cm
¡2 (30 dB),

50 mW cm
¡2 (10 dB) and 0.5 mW cm

¡2 (0 dB) are displayed from top to bottom in (b).
In each case the full and broken lines correspond to the ®eld ionization signals of the
®nal and initial states of the transition respectively. The full lines in the side panels
show the electron TOF spectra obtained at the position of the lower (J ˆ 1, (a)) and
upper (J ˆ 2, (c)) resonance and the broken lines show the integrated TOF signals.
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the 92p‰1=2Š…J ˆ 1† 76d ‰3=2Š…J 0 ˆ 1† transition in argon, measured using nozzle
stagnation pressures of 1 bar (trace a) and 3 bar (trace b), leading to local pressures
in the measurement region of c. 0.01 mbar and 0.03 mbar, respectively. Despite the
threefold increase in the neutral argon density, no shift is detectable at the
experimental resolution of 100 kHz.

3. Applications
3.1. High-resolution millimetre wave spectroscopy of atomic Rydberg states
We have tested our experimental procedure by recording millimetre wave spectra

of Rydberg states of atomic argon [25] and krypton [37] below the lowest 2P3=2

ionization limit. The Rydberg series that are optically accessible by single-photon
absorption from the ground state are s and d series with J ˆ 1. Three series, the
ns‰3=2Š…J ˆ 1†, nd‰3=2Š…J ˆ 1† and nd‰1=2Š…J ˆ 1† series, converge to the 2P3=2 limit,
and two series, the ns

0‰1=2Š…J ˆ 1† and nd
0‰3=2Š…J ˆ 1† series, to the 2P1=2 ionization

limit [43]. Figures 7(a) and (b) show laser spectra of argon and krypton below the
lowest ionization limit recorded at a resolution of 0.1±0.2 cm

¡1. The spectra were
recorded by monitoring the delayed PFI as a function of the XUV laser wavenum-
ber. Examples of millimetre wave spectra are displayed in ®gures 7(c) and (d) which
show spectra of the 62d ‰3=2Š…J 0 ˆ 1† ! 67f ‰kŠ…J† transitions of argon and of the
77d‰3=2Š…J 0 ˆ 1† ! 91f ‰kŠ…J† transitions of krypton respectively [43]. The three lines
observed in each millimetre wave spectrum correspond to the three optically
accessible spin±orbit components of the f states. The lower doublet corresponds
to transitions to k ˆ 3=2 and J ˆ 1 and 2 Rydberg states, and the upper line to a
transition to the k ˆ 5=2 and J ˆ 2 Rydberg state. All isotopes of krypton
contribute to the lines in ®gure 7(d), with the exception of the 83Kr isotope whose
transitions are shifted outside the spectral range displayed in ®gure 7(d) by the
hyper®ne interaction [48]. Measurements such as those presented in ®gure 7
demonstrate that one can obtain detailed information on the energy level structure,

Millimetre wave spectroscopy of high Rydberg states 393

Figure 6. Measurement of the 92p‰1=2Š…J ˆ 1† 76d ‰3=2Š…J 0 ˆ 1† transition of argon using
nozzle stagnation pressures of 1 bar (trace a) and 3 bar (trace b) leading to local
pressures in the measurement region of c. 0.01 mbar and 0.03 mbar, respectively.
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including spin±orbit and hyper®ne interactions, up to high values of n, determine
e� ective quantum defects accurately and extract information, from level shifts, on
channel interactions. Stark maps at high values of n can also conveniently be
measured [37].

3.2. Millimetre wave spectroscopy of high Rydberg states and PFI±ZEKE
photoelectron spectroscopy

Figures 8(a) and (b) show millimetre wave spectra of high Rydberg states of
argon and benzene with principal quantum numbers around 180 and 120 respec-
tively. These states are located 3.3 cm

¡1 and 7.6 cm
¡1 below their series limit

respectively, can be ®eld ionized with pulsed electric ®elds of 0.8 V cm
¡1 and

3.6 V cm
¡1 and lie in the energy window typically probed by PFI±ZEKE photoelec-

tron spectroscopy. The spectra in ®gure 8 were recorded under the normal conditions
of operation of our PFI±ZEKE photoelectron spectrometer and provide useful
information on the Rydberg states that we observe in PFI±ZEKE photoelectron
spectroscopic experiments.

F. Merkt and A. Osterwalder394

Figure 7. PFI spectra of (a) argon, and (b) krypton Rydberg states below the 2P3=2

ionization limit using a tunable XUV laser source. The high-resolution millimetre
wave spectrum of the 62d ‰3=2Š…J 0 ˆ 1† ! 67f ‰kŠ…J† transitions of argon and of the
77d ‰3=2Š…J 0 ˆ 1† ! 91f ‰kŠ…J† transitions of krypton are displayed in (c) and (d)
respectively.
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The argon spectrum consists of two groups of six relatively sharp transitions
between 150 250 and 150 500 MHz and between 151 350 and 151 550 MHz, which
correspond to transitions from the 115d ‰3=2Š…J 0 ˆ 1† Rydberg state to n ˆ 182p and
183p Rydberg states. Between these two groups of lines a broad feature centred
around 151 070 MHz is also noticeable. This broad feature is caused by Stark mixing
of the optically accessible f Rydberg states with the high-l manifold of Stark states.
Because the quantum defects ¯f of the three optically accessible f Rydberg states in
argon are smaller than 0.022 [25], the f states are mixed with, and immersed in, the
high-l manifold of Stark states at electric ®elds greater than 350 mV cm

¡1, i.e. at ®elds
F ¶ 1:5¯f =n5. By comparing the full width (º200 MHz) of this broad unresolved
feature with the expected width of 3n2F (in atomic units) of the linearly expanding
Stark manifold of high-l states one can estimate that the stray ®eld in the apparatus
amounts to approximately 1.5 mV cm

¡1. One can also conclude from the inhomo-
geneously broadened asymmetric line shapes of the transitions to the p states that the
electric ®eld distribution is inhomogeneous across the excitation volume and is
caused, to a large extent, by ions that are generated during the measurement cycles
[37, 38].

Considering the integrated intensities (broad full line in ®gure 8(a)) leads to the
conclusion that approximately 80% of the total PFI signal stems from the broad,
unresolved feature that corresponds to the high-l manifold of Stark states and that
only 20% is attributable to the p states. Because the Rydberg states of argon, located
below the 2P3=2 limit, cannot decay by autoionization or by predissociation, and
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Figure 8. Millimetre wave spectra of (a) transitions between the 115d ‰3=2Š…J 0 ˆ 1† Rydberg
state and n ˆ 182 and 183 Rydberg states of argon and (b) between an n ˆ 91
Rydberg state of benzene and Rydberg states in the range n ˆ 118±124.
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because the radiative decay is extremely slow at high n values, all states produced by
the millimetre waves survive until the application of the pulsed ®eld. In molecules,
penetrating low-l Rydberg states (with l ˆ 0-3) usually decay rapidly by predis-
sociation, autoionization or internal conversion. One therefore expects that low-l
states decay during the delay times of typically 1 ms used between photoexcitation
and PFI in PFI±ZEKE photoelectron spectroscopy. The delay time thus acts as a
®lter that selects the long-lived non-penetrating Rydberg states that appear as the
broad feature in ®gure 8(a).

This expectation is con®rmed by the millimetre wave spectrum of benzene
Rydberg states with n ˆ 118-124 (®gure 8(b)) which exclusively contains spectral
features at the positions expected for transitions between states of zero quantum
defects [38]: unlike the argon spectrum, this spectrum shows no trace of low-l states
with non-vanishing quantum defects but consists of a single Rydberg series.
Moreover, the lines have width in the range 100±200 MHz, which is almost a factor
of 1000 broader than our experimental resolution. The initial n ˆ 91 Rydberg state
of the millimetre wave transitions was prepared in a two-photon excitation sequence
from the ground S0 state via the intermediate jS1 61ij2; 2; ‡li state. Only even l
Rydberg states are optically accessible from the selected jS1 61i intermediate state.
The s, and probably also the d, Rydberg states are expected to decay very rapidly by
internal conversion [49]. The quantum defect of the g states is small enough that
e� cient mixing with the non-penetrating high-l manifold of Stark states takes place
at stray ®elds of less than 2 mV cm

¡1 [38]. The lines observed in the millimetre wave
spectrum therefore represent the broad envelope of transitions between Stark states
at n ˆ 91 and Stark states at n ˆ 118-124.

From these results on argon and benzene the following conclusions can be drawn
concerning the states that we observe in our PFI±ZEKE photoelectron spectrometer:
Of the several optically accessible Rydberg series the most penetrating ones do not
contribute to the PFI±ZEKE signals at n values in the range n µ 200. The series with
the highest l values are mixed with the high-l manifold of Stark states and become
long lived if their quantum defect ful®ls the condition 1:5n2F ¶ ¯=n3 (in atomic
units). In our apparatus, the electric ®elds are mostly caused by ions produced during
the experiment; they are small and inhomogeneous in nature. The equation

9:14 £ 1015j¯lj
n5

³ ´3=2

µ c=…ions cm
¡3†;

derived in [38], can be used to estimate the ion concentration necessary for the long-
term stabilization of an initially prepared Rydberg state with principal quantum
number n and quantum defect ¯l. For example, ion concentrations of 2 £ 106

ions cm
¡3 are required to stabilize Rydberg states with ¯l ˆ 0:004 at n ¶ 70 and

Rydberg states with ¯l ˆ 0:03 at n ¶ 120. An increase of the ion concentration thus
results in the observation of lower Rydberg states and in a loss of resolution in PFI±
ZEKE photoelectron spectra caused by the broadening of the lines on their low-
frequency side [50].

3.3. Millimetre wave spectroscopy and electric ®eld measurements
The spectroscopic investigation of high Rydberg states requires a good control

over stray ®elds. A careful design of the experimental region (polished and widely
spaced electrodes, magnetic shielding, etc.) is helpful in reducing stray ®elds. Equally
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important, in pulsed experiments, is the synchronization of the measurement cycles

with the 50 Hz frequency of the mains. The stray ®elds in our apparatus never exceed

1±3 mV cm
¡1 and can be compensated to less than 20 mV cm

¡1 by measuring and

systematically minimizing the Stark shifts induced by intentionally applied ®elds, as
is illustrated in ®gure 9.

The minimization procedure that we have developed speci®cally for our studies is

described in detail in [37] and exploits the large polarizability of the high Rydberg

states themselves. A millimetre wave transition between two high Rydberg states

(here between the n ˆ 77d‰3=2Š…J 0 ˆ 1† and the 91f ‰5=2Š…J ˆ 2† Rydberg states of

the krypton atom) is recorded at high resolution as a function of the magnitude of an

intentionally applied electric ®eld. Because the spectral shift varies quadratically with
the electric ®eld strength, the line positions, when plotted as a function of the ®eld

strength, fall on a parabolic curve. At the apex of the parabola, the component of the
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Figure 9. Measurements of electric ®elds and ion concentrations using millimetre wave
spectroscopy of high Rydberg states. The spectra show the n ˆ 77d ‰3=2Š…J 0 ˆ
1† ! 91f ‰5=2Š…J ˆ 2† transition of krypton recorded at di� erent applied electric
®elds. The horizontal axis of each spectrum has been shifted so that it intersects the
vertical axis at the value of the applied electric ®eld. Inset: schematic energy diagram
illustrating the asymmetric broadening that results from inhomogeneous electric ®eld
distributions.
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electric ®eld in the direction of the applied ®eld has been exactly compensated, and
the value of the applied compensation ®eld corresponds to the negative value of the
stray ®eld (here ¡646 § 20 mV cm

¡1).
This compensation procedure only removes the spatially homogeneous compo-

nent of the ®eld and is not suited to eliminate electric ®eld inhomogeneities such as
those caused by ions generated in the experimental volume. These inhomogeneities
lead to an asymmetric inhomogeneous broadening of the spectral lines that becomes
increasingly noticeable at increasing values of the electric ®eld in ®gure 9. The reason
for the asymmetric broadening lies in the quadratic dependence of the line positions
on the local electric ®elds felt by the Rydberg atoms or molecules and is explained
schematically in the inset of ®gure 9. The actual value of the electric ®eld varies
across the sample volume in a range represented schematically by two vertical dotted
lines on both sides of the central ®eld value (F1 or F2 in the ®gure). The broadening
that results from the same inhomogeneous electric ®eld distribution is more
pronounced at larger electric ®elds.

In our experiments, electric ®eld inhomogeneities originate primarily from
charged particles in the experimental volume (see above). We can therefore analyse
the line broadenings and line shapes to obtain the electric ®eld distribution and, by
means of the analytical expressions ®rst introduced by Holtsmark [51, 52], obtain
good estimates of the ion concentrations in the sample volume (see [37] for more
details).

3.4. Millimetre wave spectroscopy of high molecular Rydberg states
Millimetre wave spectroscopy can also be used to study molecular Rydberg

states. So far, we have been able to record millimetre wave spectra of high Rydberg
states of H2 [40, 41], N2 [53] and C6H6 [38]. As an example, we summarize our recent
investigation of the hyper®ne structure of l ˆ 0-3 Rydberg states of ortho H2 in the
range n ˆ 50±65 [40, 41].

Many nl Rydberg states with l ˆ 0-3 that belong to series converging on the ®rst
rotational levels of the X 2§

‡
g

…v‡ ˆ 0† state of H
‡
2 are long lived [54±56] and are

ideally suited to high-resolution millimetre wave spectroscopy. To cleanly select
Rydberg states of ortho (para) H2, we prepare ns and nd Rydberg states in a two-
photon excitation process via an even (odd) rotational level of the B 1§

‡
u state.

Figure 10(a) shows a laser spectrum of Rydberg states of ortho H2 located below the
ionization threshold that was obtained by selecting the v ˆ 3, J ˆ 0, rovibrational
level of the B state. At the experimental resolution of 0.04 cm

¡1 (1.3 GHz), the
transitions to Rydberg states of ortho and para H2 are equally broad and ®gure 10(a)
therefore does not reveal any information about the hyper®ne structure in ortho H2.
The hyper®ne structure is easily resolved in millimetre wave spectra of ortho H2 as is
demonstrated in ®gures 10(b) and (c) which show survey spectra of transitions
between the selected n ˆ 51d Rydberg state and 54 and 55 p and f Rydberg states
located below the v

‡ ˆ 0; N
‡ ˆ 1 rotational level of the H

‡
2 ion. When recorded at

high resolution, each feature in ®gures 10(b) and (c) reveals a considerable
substructure. As an example, ®gure 10(d) shows a high-resolution recording of the
feature marked with an arrow in ®gure 10(c). The spectral richness of the millimetre
wave spectra of ortho H2, which is absent from the spectra of para H2, has its origin
in the hyper®ne interaction.

The analysis of the spectra is facilitated by recording millimetre wave spectra
from the same initial Rydberg states to two neighbouring sets of ®nal Rydberg states

F. Merkt and A. Osterwalder398

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
2
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



as shown in ®gures 10(b) and (c). In this way, combination di� erences can be

extracted in the upper states [40]. Similarly, combination di� erences can be derived

for the lower state by recording transitions from two neighbouring sets of initial

levels of di� erent n values to the same set of ®nal states. Additional help in the
assignment of the spectra is provided by the di� erent behaviour of p and f Rydberg

states in the presence of electric ®elds that can be used to determine the l value of the

®nal state [40]. The coarse structure in the survey spectra is attributable to ®ve

groups of doublets separated by º1300 MHz. From combination di� erences this
splitting can be assigned to an energy interval in the starting nd Rydberg states and

corresponds approximately to the splitting between Gc ˆ 1=2 and 3/2 levels of

the H
‡
2 ion [57] (Gc ˆ Sc ‡ I , where Gc represents the angular momentum resulting

from the addition of the electron spin Sc and the nuclear spin I of the H
‡
2 core). Of

the ®ve groups of doublets, the lowest two and the highest one are attributed to

transitions to p Rydberg states and the remaining two to transitions, which are also

separated by approximately 1300 MHz, to nf Rydberg states. The analysis of the
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Figure 10. (a) PFI spectrum of ns and nd Rydberg states located below the
X 2§

‡
g

…v‡ ˆ 0; N
‡ ˆ 1† state of ortho H

‡
2 recorded in a two-photon excitation

sequence via the B 1§
‡
u

…v ˆ 3; J ˆ 0† state. (b) and (c) Millimetre wave spectra of
transitions from the 51d Rydberg states and p and f Rydberg states at n ˆ 54 and
n ˆ 55 respectively. (d) High-resolution scan of the line marked with an arrow in (c).
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hyper®ne structure in these millimetre wave spectra can be extrapolated to the
hyper®ne structure in the ground state of ortho H

‡
2 with a precision of better than

1 MHz [41].
By following the evolution of the spectral and energy level structures as a

function of n and l one can also observe how the angular momentum coupling
hierarchy gradually evolves and the Rydberg electron becomes decoupled from the
motion of the ion core. For instance, at the n values investigated in ®gure 10
(n º 50), the hyper®ne interaction has already caused the nd and nf Rydberg states
to be of mixed singlet (S ˆ 0) and triplet (S ˆ 1) character whereas the more
penetrating ns and np Rydberg states can still be described by a well-de®ned total
electron spin [40]. At low values of n (n ˆ 3 or 4) the s, p and d singlet and triplet
states are still observable as distinct electronic states [58±60]. The mixing of singlet
and triplet character in f Rydberg states starts being observed at n ˆ 4 already [61].

The short lifetimes of molecular Rydberg states can pose problems for high-
resolution millimetre wave spectroscopy. If the initial state is short lived, it is
necessary to increase the millimetre wave intensities to observe the transitions.
Moreover, the linewidths are broad, which prevents an optimal use of the high
resolution of the method. If the ®nal state is short lived one does not observe any
signal by SFI of the ®nal state of the millimetre wave transition. In this case, it is
advantageous to record the SFI signal of both initial state and ®nal state of the
millimetre wave transitions simultaneously by setting gates in the electron TOF
spectra. Transitions to short-lived upper states are then detected as dips in the SFI
signal of the initial state as is illustrated in ®gure 11. The width of the dips can be
converted into a lifetime or a predissociation (autoionization) decay rate for the
upper level. In H2 we have occasionally observed that neighbouring hyper®ne
components have lifetimes that di� er by more than two orders of magnitude which
suggests either very local perturbations or restrictive selection rules for the decay
process involved.

Measurements such as those presented in ®gures 10 and 11 illustrate the power of
millimetre wave spectroscopy to investigate the properties of highly excited
molecular electronic states. The wealth of spectral structures and behaviours
observed so far indicates that the current understanding of molecular Rydberg
states is still far from complete, even in the case of molecules as small as H2.
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Figure 11. Section of the millimetre wave spectrum from the n ˆ 48d Rydberg states of H2

to n ˆ 51 Rydberg states. (a) The SFI signal of the ®nal states of the millimetre wave
transitions and (b) the SFI signal of the initial state.
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Although the results presented for H2 represent an important step in the study of
high molecular Rydberg states, some di� culties remain to be overcome before the
measurements can be extended to other molecules in a straightforward way. The
main restriction so far comes from the short lifetimes of low-l Rydberg states in most
molecular systems. Multiphoton excitation schemes may enable less penetrating
states with longer lifetimes to be reached. Recently, Gallagher and coworkers have
used microwave radiation to stabilize high Rydberg states of the NO molecule [62].
Alternatively, Rydberg states of higher l values can be prepared by using single-
photon excitation in the presence of an electric ®eld that is brought back to zero after
photoexcitation.

4. Conclusions
Millimetre wave spectroscopy is a powerful method to study Rydberg states of

atoms and molecules at very high resolution. The measurement of line shifts and line
broadenings in millimetre wave spectra of high Rydberg states provides a very
sensitive diagnostic of electric ®elds and ion concentrations in an experimental
apparatus. Millimetre wave spectroscopy of molecular Rydberg states can be used to
obtain new information on the energy level structure at high n values, including the
hyper®ne structure. The measured hyper®ne structure at a given value of n, in
combination with a suitable angular momentum frame transformation, provides a
reliable method of determining the hyper®ne structure in molecular ions [41].
Millimetre wave spectroscopy of n ˆ 100-200 Rydberg states is also helpful in
assessing the experimental conditions under which PFI±ZEKE photoelectron
spectroscopy experiments are performed and in understanding the nature of the
Rydberg states that are ®eld ionized in these experiments. This understanding has
been helpful in recent experiments in which the resolution of PFI-ZEKE photoelec-
tron spectroscopy has been improved to better than 0.05 cm

¡1 [39, 63].
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