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ABSTRACT
Nitric oxide (NO) molecules travelling in pulsed supersonic beams have been laser photoexcited to
long-lived Rydberg states in series converging to the lowest lying, v+ = 0, and first excited, v+ = 1,
vibrational states in the ground electronic state of NO+. After excitation, the molecules were decel-
erated in the travelling electric traps of a chip-based Rydberg–Stark decelerator. Deceleration to
rest in the laboratory-fixed frame of reference allowed subsequent electrostatic trapping before in
situ detection by pulsed electric field ionisation. The decay rates of the molecules from the traps
were measured for states with principal quantum numbers between 32 and 48. Comparison of the
corresponding trap decay time constants, ranging from 245 to 400µs for states with v+ = 1, with
those recorded for molecules in states with v+ = 0, allowed bounds to be placed on the vibrational
autoionisation rates of the �-mixed Stark states prepared in the experiments of < 60Hz.
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1. Introduction

Cold samples of gas-phase atoms and molecules in high
Rydberg states, travelling in velocity-controlled beams
or confined in traps, are of importance, for example,
in studies of (1) excited state decay processes, includ-
ing effects of blackbody radiation, spontaneous emis-
sion, dissociation and autoionisation [1–6]; (2) resonant
energy transfer and van derWaals interactions [7–9]; and
(3) ion-molecule reactions at low collision energies, or
low translational temperatures [10–12]. These samples
can be prepared in a general way, by exerting forces on
excitedmolecules initially travelling in pulsed supersonic
beams, using inhomogeneous electric fields [13–16]. This
approach is referred to as Rydberg–Stark deceleration,
and takes advantage of the large static electric dipole
moments associated with �-mixed Rydberg–Stark states
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(� is the orbital angular momentum quantum number
of the Rydberg electron) [17]. These static electric dipole
moments scale with n2, and exceed 3000 D for n>30.

The implementation of scalable, chip-based Ryd-
berg–Stark decelerators [18,19] has recently allowed
deceleration to rest in the laboratory-fixed frame of
reference, and electrostatic trapping of nitric oxide
(NO) molecules [5]. In a 30K cryogenic environment,
molecules in Rydberg series converging to the lowest,
v+ = 0, vibrational state in the ground electronic state of
NO+ (v+ is the vibrational quantum number of the NO+
ion core), and principal quantum numbers, n, between
32 and 50 were trapped for times in excess of 1ms. The
time constants associated with the decay of themolecules
from the traps ranged from 200 to 400µs, and gener-
ally decreased as the value of n was increased. These
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observations yielded new insights into effects of vibra-
tional channel interactions on slow decay processes of
long-lived molecular Rydberg states [6].

Here we report, deceleration and electrostatic trap-
ping of vibrationally excited Rydberg molecules. In this
case, the Rydberg states prepared by laser photoexcitation
converged to the first excited, v+ = 1, vibrational state
in the X+ 1�+ ground electronic state of NO+. Since
the particular states studied, with values of n between 32
and 48, and rotational quantum numbersN+ = 0, 1, and
2, lie energetically above the lowest, v+ = 0, ionisation
limit of the molecule, they can, in addition to decaying
by spontaneous emission and predissociation, also decay
by autoionisation. Comparison of the measured decay
rates of the molecules from the electrostatic traps with
those recorded for molecules in states with v+ = 0 has
allowed bounds to be placed on the rates of vibrational
autoionisation of the experimentally accessible long-lived
Rydberg states. Together with their direct relevance to
investigations of excited state decay dynamics, the decel-
erated and trapped Rydberg molecules prepared in the
work described here are of interest for low-energy colli-
sion studies, including studies of resonant energy transfer
and ion-molecule reactions, with a vibrationally excited
ion core.

The remainder of this article is structured as fol-
lows: In Section 2 the apparatus and laser photoexci-
tation scheme used in the experiments are described.
In Section 3, the results of measurements of quantum-
state-dependent decay rates of electrostatically trapped
molecules are presented, alongwith an analysis of the role
of intramolecular interactions in the excited state decay
dynamics. Finally, in Section 4 conclusions are drawn.

2. Experiment

2.1. Apparatus

The central part of the apparatus used in the experiments
is depicted schematically in Figure 1. This setup is iden-
tical to that used in Refs. [5] and [6]. A pulsed value,
operated at a repetition rate of 25Hz, was used to gener-
ate a supersonic beam of NO with a mean longitudinal
speed of ∼ 810ms−1. After passing through a 2-mm-
diameter skimmer the molecules entered into a region
enclosed by a 30K heat shield that contained the deceler-
ator. Prior to deceleration and electrostatic trapping the
molecules were photoexcited, between electrodes E1 and
E2, to long-lived high-n (n = 32 to 48) Rydberg states
using the n�X+ 1�+ ← A 2�+ ← X 2�1/2 two-colour
two-photon excitation scheme. This was driven by the
counter-propagating frequency-tripled and frequency-
doubled outputs of two Nd:YAG-pumped pulsed dye

lasers at wavenumbers υ1 and υ2, respectively. Photoex-
citation was implemented with υ1 in two wavenum-
ber ranges: υ1 = 44, 180 – 44, 230 cm−1 (≡ 226.3 –
226.1 nm), and υ1 = 46, 510 – 46, 575 cm−1 (≡ 215.0 –
214.7 nm) [∼ 20 – 80µJ/pulse], to access the v′ = 0 and
v′ = 1 levels of the intermediate A state, respectively. In
each case, υ2 was adjusted in the wavenumber range from
30, 420 cm−1 to 30, 500 cm−1 (≡ 328.7 to 327.8 nm)
[∼ 0.5 – 1.5mJ/pulse] to excite high Rydberg states. For
all experiments, a fibre-coupled wavelength meter was
used to monitor and calibrate the vacuum wavelengths
of the fundamental outputs of the dye lasers.

After photoexcitation, the molecules travelled for ∼
5.4µs (corresponding to a distance of ∼ 4mm) in the
z-dimension before being loaded into a single travel-
ling electric trap of the decelerator. The travelling traps,
for molecules in low-field-seeking (LFS) Rydberg–Stark
states with positive Stark energy shifts, were generated
by applying a set of 5 sinusoidally oscillating potentials
of amplitude V0 to the curved array of 0.5mm× 0.5mm
square electrodes in Figure 1. A potential of −V0/2 was
applied simultaneously to the flat metal electrode E2
located parallel to, and 3 mm above this array in the y
dimension. The potential on the side electrodes (ground
planes of the segmented transmission line that forms the
decelerator) was set to zero for deceleration and trapping.
Deceleration of the molecules was achieved by decelerat-
ing the travelling traps in which they were confined from
795ms−1 to zero-mean-velocity in the laboratory-fixed
frame of reference. This was implemented by chirping the
frequency of the oscillating potentials from 160 to 0 kHz.
The deceleration process took place over a distance of
∼ 100mm, and in a time of∼ 250µs.

Detection of the trapped molecules was performed
by pulsed electric field ionisation (PFI) in situ at the
position of the stationary electrostatic trap within the
decelerator structure [20]. To implement this, the trap-
ping potentials were switched off and a fast-rising poten-
tial of +500V was applied to the side electrodes. NO+
ions generated by ionisation of the Rydberg molecules
in the resulting fields at the trap position, were then
accelerated through the 2-mm-diameter aperture A1
in E2 and collected at a microchannel plate (MCP)
detector. Rydberg state-selective electric field ionisation
(SFI), could also be performed. This was carried out
by applying a slowly-rising pulsed potential of the form
Vramp(t) = −Vmax[1− exp (−t/τramp)], where τramp =
4.4µs, to the side electrodes, with the ionised electrons
collected at the sameMCP detector. In this case, the short
flight time of the electrons to the MCP (� 10 ns) allowed
the ionisation and detection times of the molecules to be
correlated with Vramp(t) at the time of ionisation. To aid
in the optimisation and alignment of the apparatus, PFI
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Figure 1. Schematic diagram of the chip-based Rydberg–Stark decelerator. The partially transparent electrode E2 is displaced vertically
and to the right for clarity. Electrons and ions could be extracted through apertures A0, A1 and A2 in E2 and collected at MCP detectors
following PFI. Note: Only one side electrode is labelled in the figure (see text for details).

Figure 2. Resonance-enhanced two-colour two-photon excitation schemes used to prepare Rydberg states in NO converging to the (a)
v+ = 0, and (b) v+ = 1 vibrational states in the X+ 1�+ ground electronic state of NO+. Low-lying n = 7 Rydberg states with v+ = 1
and 2 are also included in each panel. All energies are displayed with respect to the energy of the N+ = 0, v+ = 0 Rydberg series limit.

could also be performed close to the laser photoexcitation
region and on the molecular beam axis within the decel-
erator structure, with ion extraction through apertures
A0 and A2, respectively.

2.2. Laser photoexcitation schemes

Rydberg states in NO were prepared using the n�X+1
�+(v+, N+)←A 2�+(v′, N′, J′) ← X 2�1/2(v′′, J′′)
resonance-enhanced two-colour two-photon excitation

schemes depicted in Figure 2 [21–29]. Laser radia-
tion at wavenumber, υ1, was used to drive transitions
between the X 2�1/2(v′′ = 0) ground state and either the
A 2�+(v′ = 0), or the A 2�+(v′ = 1) intermediate state.
Spectra of these ground-to-intermediate state transitions
were characterised by (1+1′) two-colour resonance-
enhanced multi-photon ionisation (REMPI). By way
of example, an A(v′ = 1)← X(v′′ = 0) (1+1′) REMPI
spectrum is shown in Figure 3. When recording these
data the value of υ1 was varied while υ2 was set to
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Figure 3. Two-colour (1+1′) REMPI spectrum of the A 2�+(v′ = 1)← X 2�1/2(v′′ = 0) transitions in NO.

30, 534.35 cm−1 (≡ 327.500 nm) to photoionise excited
molecules. The transitions in this spectrum are labelled
using the �Jf ′ f ′′(J′′) notation where J is the total angu-
larmomentum quantumnumber [26,30]. The labels P, Q,
andR correspond to�J = −1, 0, and+1 transitions. The
subscripts f ′ and f ′′ refer to the fine-structure of the of A
and X states, respectively. All of the observed transitions
are labelled with f ′′ = 1 because they originate from the
lower, X 2�1/2, spin-orbit component of the ground state.
In the A state, f ′ = 1 and 2 correspond to the states for
which J′ = N′ + 1/2 and N′ − 1/2, with the same value
of N′. However, because the spin-orbit splitting in the A
state is small, ∼ 0.005 cm−1 [31,32], it was not resolved.
The wavenumbers indicated by the labelled vertical bars
in Figure 3 were calculated using the electronic, vibra-
tional, and rotational constants for the X and A states
listed in Table 1 [33,34]. A similar REMPI spectrum of
the A(v′ = 0)← X(v′′ = 0) transitions was reported in
Ref. [29]. From these measurements, the rotational tem-
perature of the molecules in the supersonic beam was
estimate to be∼ 10K.

The A 2�+ state in NO is a low-lying Rydberg state.
It, therefore, has a similar potential energy curve to the
high-n Rydberg states, and the ground electronic state
of NO+. Consequently, the Franck–Condon principle
results in a propensity for �v = v+ − v′ = 0 transitions
from the intermediate A state to the high Rydberg states

Table 1. Electronic, vibrational, and rotational constants of the
X 2�1/2 and A 2�+ states in 14N16O.

Quantity X 2�1/2 A 2�+

Te 0 43, 965.7
ωe 1904.2 2374.31
ωeχe 14.075 16.159
Be 1.67195 1.9965
αe 0.0171 0.01915
De 5.4× 10−7 5.4× 10−6

All quantities are expressed in cm−1 and were obtained from Refs. [33] and
[34].

upon laser photoexcitation. Excitation to the A 2�+(v′)
state with v′ = 0 or 1, therefore, allowed access to high
Rydberg states converging to the v+ = 0 or 1 states in the
ground electronic state of NO+, respectively.

For all the measurements described here, υ1 was
either set to 44, 193.99 cm−1 (≡ 226.275 nm), or
46, 535.87 cm−1 (≡ 214.888 nm) to populate the v′ = 0,
or v′ = 1 vibrational states in the A 2�+(v′, N′ = 0, J′ =
1/2) intermediate state on the P11( 32 ) resonance. In each
case, the value of υ2, was adjusted to excite optically
accessible n�(N+) = np(0) and nf(2) Rydberg states,
with values of n in the range from 32 to 48. Long-lived
�-mixed Rydberg–Stark states were populated by �- and
MN-mixing that occurred in weak time-varying electric
fields close to the time of photoexcitation [29,35,36].
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3. Results and discussion

3.1. Laser spectroscopy

To determine the range of values of n, and N+, of the
Rydberg states in NO that could be decelerated and
electrostatically trapped, laser photoexcitation spectra
were recorded with selective detection of molecules that
were successfully trapped. To achieve this, PFI was per-
formed after a trapping time of ttrap = 360µs with the
resulting spectra presented in Figure 4. All of the res-
onances in this figure correspond to the excitation of
Rydberg states in series for which v+ = 1 and repre-
sent resonances on which optically accessible np(0) or
nf(2) character is mixed into near degenerate long-lived
Rydberg–Stark states. Spectra recorded forV0 = 149 and
100V are displayed in Figure 4(b ,c), respectively. The
relative intensities of the features in these spectra reflect
the combined effects of the efficiency with which long-
lived LFS Rydberg–Stark states were populated at excita-
tion, the deceleration and trap loading efficiency, and the
lifetimes of the Rydberg states. Comparable spectra for
Rydberg states with v+ = 0 were reported in Ref. [6].

The transitions with maximal spectral intensity occur
in Figure 4 for higher values of n when V0, the ampli-
tude of the deceleration/trapping potentials, is reduced to
100V. For a given value of V0, i.e., a particular depth of
the electric field minima in the travelling electric traps,
the optimal range of values of n for which declaration
and trapping can be achieved is determined by the Ryd-
berg state electric dipole moments and ionisation electric
fields. For lower values of n, the deceleration and trapping
efficiency is reduced because of the n2 dependence of the
maximal static electric dipole moments of the Rydberg
states, and therefore the maximal force that can exerted
on themolecules.On the other hand, then−4 dependence
of the threshold ionisation electric field for high Rydberg
states [29,37,38] results in a reduction in the decelera-
tion and trapping efficiency for higher values of n. This
is because, during the deceleration and trap loading pro-
cess,molecules in higher n states aremore likely to ionise,
and the phase-space acceptance of the travelling electric
traps for these states reduces. From numerical particle
trajectory calculations, it was determined that the lower
threshold for electric field ionisation of higher-n Ryd-
berg states does not result in a significant increase in field
ionisation after the traps are brought to rest.

Transitions to nf(2)Rydberg states dominate the spec-
tra in Figure 4 because of the comparatively small nf
quantum defects of ∼ 0.02 in NO, and therefore the
close proximity of these states to long-lived higher-�
n(N+) = n(2) states, where n(N+) refers to the �-mixed
hydrogenic Stark states. However, �- and N+-mixing

involving optically accessible np(0) states can also lead
to the population of [n− 1](0) and n′(1) Stark states.
In these cases [n− 1](0) states are populated as a
result of direct electric field-induced mixing with np(0)
states. n′(1) Stark states, for which n′ �= n, are popu-
lated in situations where mixing with near degenerate
np(0) and n′d(1) states occurs because of intramolecu-
lar charge-dipole interactions, combined with electric-
field–induced mixing of n′d(1) character into the n′(1)
states [39,40]. The measurements of trap decay rates
reported here focus primarily on n(2) Stark states excited
on the nf(2) resonances indicated by the horizontal bar
across the top of Figure 4.

In addition to standard laser photoexcitation spec-
tra, SFI of the Rydberg molecules was performed after
deceleration and trapping for ttrap = 100µs with V0 =
149V [separated panels in Figure 4(a)]. This detection
methodology allowed changes in the ionisation fields of
the molecules in states with different values of n to be
identified. These measurements were made by applying
the slowly-rising potential, Vramp(t), in the right-hand
panel of Figure 4(a) to the side electrodes after switching
off the deceleration and trapping potentials. Normalised
electron time-of-flight (TOF) distributions recorded by
SFI following excitation on the resonances with values of
n between 36 and 46 are displayed across the left part
of Figure 4(a). The location of the maximum in each
time-of-flight distribution, as determined by fitting an
exponentially modified normal distribution, is denoted
by a red marker. The widths of the distributions in the
time domain reflect (1) the distribution of Rydberg–Stark
states populated at the time of SFI, (2) the inhomogeneity
of the ionisation fields within the decelerator structure,
and (3) the motion of the molecules during SFI.

In general for the nf(2) resonances, the maxima in the
electron TOF distributions in Figure 4(a) occur at ear-
lier times as the value of n increases. This reflects the n−4
scaling of the threshold ionisation electric field [41]. SFI
measurements performed following excitation on the res-
onances at υ2 = 30, 462.50 cm−1 and 30, 463.24 cm−1,
i.e., the two resonances between the 38f(2) and 39f(2) fea-
tures, aided in the characterisation of these states. The
maxima in the electronTOFdistributions in both of these
cases occur at earlier times (4.5 and 4.9µs, respectively)
than those associated with these nf(2) resonances. There-
fore the molecules excited on these resonances ionise in
lower electric fields. This suggests excitation into states
with values of n>39. These states must therefore have
values of N+ < 2, and the higher wavenumber feature at
υ2 = 30, 463.24 cm−1 must have a lower value of n than
the lower one. From the calculated energy-level structure
of the Rydberg states, these resonances were attributed to
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Figure 4. Spectra of long-lived v+ = 1 Rydberg states in NO recorded by PFI after deceleration and electrostatic trapping for ttrap =
360µswith υ1 = 46, 535.87 cm−1. When recording the data in spectrum (ii) the amplitude of the deceleration/trapping potentials was
V0 = 149 V, and (iii V0 = 100 V. The upper part (i) of the figure, contains electron time-of-flight distributions recorded by SFI with the
ionisation potential Vramp(t) indicated on the top right. These data were recorded for ttrap = 100µs, with V0 = 149 V and excitation
on the resonances indicated in (ii). The red horizontal line within each panel denotes the intensity maximum determined by fitting an
exponentially modified normal distribution to each dataset.

the population of 42(0) and 41(1) Rydberg–Stark states,
respectively.

3.2. Trap decay rates

Measurements of the decay of the electrostatically
trapped Rydberg NO molecules were performed in a
similar way to those described in Ref. [6]. After laser
photoexcitation to Rydberg states with v+ = 0 or 1, the
molecules were decelerated and electrostatically trapped.
The integrated NO+ ion signal, recorded after PFI of the
trapped molecules was then measured for values of ttrap
up to 1ms. Trap decay time constants, τdecay, were then
obtained by fitting single exponential functions to these
data between ttrap = 50 and 350µs. The corresponding
results are presented in Figure 5. Each data point in this
figure corresponds to theweightedmean of up to 15 sepa-
rate measurements of τdecay. The error bars represent the
uncertainties on these mean values.

In Figure 5, themeasured values of τdecay for n(2)Ryd-
berg states with v+ = 0 (filled red circles – previously

presented in Ref. [6]) and v+ = 1 (open blue diamonds),
are shown for n = 32−48. All measurements were per-
formed for V0 = 149V. The general trend seen in these
data is that as the value of n is increased, τdecay decreases.
This dependence is seen for the n(2) states in both the
v+ = 0 and v+ = 1 series and was previously observed
for n(0) and n(1) states with v+ = 0 [6]. The measured
values of τdecay, for states with v+ = 0 and 1 agree within
the measurement uncertainties. For example, in the case
of the 38(2) states τdecay = 346.2± 3.4µs when v+ = 0,
and 351.4± 3.5µs when v+ = 1. For individual states
in both series, deviations from the general trend are
observed. These occur, for example, on the 43(2) reso-
nance where the measured values of τdecay are larger than
expected from the surrounding states.

The trap decay times, τdecay, in Figure 5, do not follow
the ∼ n4-scaling expected for the lifetimes of �-mixed
Rydberg–Stark states in atoms [41]. The general trend in
the measured values of τdecay, and the deviations from
this trend result from weak intramolecular interactions
[6]. Because of the carefully controlled experimental
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Figure 5. Measured trap decay time constants, τdecay, for n(2) Rydberg states converging to the v+ = 0 (filled red circles – previously
reported in Ref. [6]), and v+ = 1 (open blue diamonds) states in the ground electronic state of NO+. For all measurements V0 = 149 V.

conditions, contributions from collisions (the number
density of the trapped molecules is ∼ 105 cm−3) and
blackbody-induced transitions (the trap environment is
maintained at ∼ 30 K) can be ruled out as playing a
significant role. To investigate the effect of electric field
ionisation on the decay of trapped molecules, numerical
particle trajectory calculations, that included a Monte-
Carlo treatment of the electric field ionisation process,
were performed. These indicated that electric field ioni-
sation contributes< 1Hz to the decay rate from the traps
for the values of n studied here.

The general decrease in the values of τdecay with
increasing n arises because of weak vibrational channel
interactions. These interactions occur between v+ = 0
(v+ = 1) high-n Rydberg states, and short-lived n = 7
states with v+ = 1 (v+ = 2). As seen in Figure 2, the
n = 7 states with v+ = 1 (v+ = 2) lie energetically
above, but close to, the N+ = 0, v+ = 0 (v+ = 1) Ryd-
berg series limit. Previous spectroscopic studies of low-n
Rydberg states in NO with v+ = 1 concluded that their
lifetimes are dominated by fast non-radiative decay, and
that the n = 7, v+ = 1 states in particular have life-
times of ∼ 1 ps [25,27]. Consequently, a contribution of
1 part in 109 of n = 7, v+ = 1 character admixed into
the v+ = 0 Rydberg–Stark states increases their decay
rate by ∼ 1 kHz. This amount of mixing is consistent
with that expected from a simple two-state quantum-
mechanical model. It is also comparable to the calcu-
lated fluorescence decay rates of these long-lived Rydberg
states [6].

In the data in Figure 5, the values of τdecay for the n(2)
Rydberg states with v+ = 0 and 1 are similar, and in both
cases decrease as n increases. This leads to the conclusion
that a comparable amount of mixing occurs between the
n(2) states with v+ = 1 and the n = 7, v+ = 2 states, to
that encountered for the v+ = 0 Rydberg states. As seen
in Figure 2, the n = 7, v+ = 1 and 2 states lie in similar
energetic positions with respect to the n(2), v+ = 0 and 1
states, respectively, which is consistent with similar con-
tributions from vibrational channel interactions in both
cases.

For several of the n(2) resonances in Figure 5, devi-
ations from the general trend exhibited by the data are
seen for states with v+ = 0 and 1. In each of these cases,
because of accidental near degeneracies, Rydberg–Stark
states with more than one set of values of n and N+ are
simultaneously populated upon photoexcitation, deceler-
ated and trapped. For the v+ = 0 states, these near degen-
eracies are discussed in Ref. [6]. For v+ = 1, the main
deviation from the general trend is seen on the 43(2) res-
onance. In this instance, molecules in 43(2) and 48(0)
Rydberg–Stark states are simultaneously confined in the
trap following photoexcitation on the 43f(2) resonance.
The 43(2) Rydberg–Stark states are populated because
of electric-field-induced mixing with the optically acces-
sible 43f(2) states. Charge-quadrupole interactions, that
couple states forwhich�N+ = ±2 and�� = 0, alsomix
43f(2) character into the near degenerate 48f(0) state,
which, in the presence of weak stray electric fields mix
further with the 48(0) Stark states. Since the 48(0) Stark
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states decay more slowly from the trap than the 43(2)
states – because of their lower value of N+ and higher
value of n – simultaneously trapping molecules in both
states results in a value of τdecay that is longer than for
surrounding states in the n(2) series.

3.3. Deceleration and trapping field strengths

The dependence of τdecay on the strength of the trap-
ping fields was investigated by comparing measurements
for n(2) states with v+ = 1 made withV0 = 149V [open
blue diamonds] and 100V [filled orange squares] as pre-
sented in Figure 6. No measurement of τdecay was made
for the 40(2) state with V0 = 100V because the signal
was insufficient. In general, for both values of V0, τdecay
decreases with increasing n. However, the values of τdecay
for V0 = 100V are in many instances greater than those
forV0 = 149V.Although, for excitation on the 38(2) and
39(2) resonances the opposite behaviour is seen.

The measurements in Figure 6 demonstrate the per-
sistence of the vibrational channel interactions that cause
the general reduction in the measured values of τdecay
with increasing n at lower trap depths. The slight increase
in τdecay for values of n between 41 and 48 when V0 =
100V, compared to that forV0 = 149V, reflects the lower
time-averaged field strength experienced by the trapped
molecules. This lower field results in reduced Stark shifts,
by a factor of ∼ 2/3, of the trapped molecules. Since the
Stark shifts of the LFS Stark states suitable for trapping are
positive, reducing them leads to an increase in the aver-
age energy separation from the short-lived n = 7 states
with v+ = 2 which do not shift appreciably in the trap-
ping fields. As a result, the amount of mixing with these
states that occured is slightly reduced and the trap decay
times are longer.

The deviation of the value of τdecay for the 43(2) res-
onance in Figure 6, from the general trend exhibited by
the surrounding states, is more pronounced when V0 =
100V than when V0 = 149V. This is because the differ-
ence in the deceleration and trapping efficiency for the
43(2) and 48(0) Stark states excited on this resonance is
more pronounced for lower values of V0. Consequently,
the fraction of trapped molecules in the longer-lived
48(0) states is greater under these conditions and τdecay
increases.

Finally, the values of τdecay decrease on the 38(2) and
39(2) resonances when V0 is reduced to 100V. This is
attributed to a change in the distribution of Stark states
populated in the trap. For lower trap potentials, states
with smaller dipole moments are trapped less efficiently
than those with larger dipole moments. Therefore, for a
given value of n, a smaller range of Stark states will be
efficiently trapped when V0 = 100V, than when V0 =

149V. The changes in these measured values of τdecay
reflect differences in the lifetimes of individual compo-
nents within amanifold of �-mixed Rydberg–Stark states,
and in particular the fact that the outermost Stark states
with the largest static electric dipole moments generally
exhibit the shortest of these lifetimes.

3.4. Vibrational autoionisation

Because the Rydberg–Stark states with v+ = 1 lie above
the v+ = 0 series limit, they can decay by vibrational
autoionisation. Spontaneous emission from these states,
and predissociation are expected to contribute in a sim-
ilar way to the total decay rates of n(2) Stark states with
both v+ = 0 and 1. Therefore, a comparison of the val-
ues of τdecay for states in these two Rydberg series allows
the effects of vibrational autoionisation on the decay of
the long-lived v+ = 1 Rydberg–Stark states in the trap to
be inferred. Because the values of τdecay for the v+ = 0
and 1 states agree to within the experimental uncertain-
ties, it is concluded that vibrational autoionisation does
not play a significant role in the decay of the trapped
molecules when v+ = 1. An upper bound on the rate of
vibrational autoionisation of these states, γvib−trap, can
be obtained by considering the contribution required for
τdecay to change by twice the measurement uncertainty.
This suggests that for n = 38, γvib−trap � 60Hz.

Studies reported previously of the decay dynamics
of Rydberg states in NO with values of � ≤ 4, included
detailed analyses of the effects of vibrational autoioni-
sation [25,27,42–44]. In these works, it was shown that
these low-� Rydberg states with v+ = 0 and 1 decay pre-
dominantly by fast non-radiative processes. However, in
contrast to the v+ = 0 states, for which predissociation is
the dominant decay pathway, the v+ = 1 Rydberg states
predissociate and autoionise. Recent measurements of
the decay rates ofng(N+)Rydberg stateswith v+ = 1 and
n = 22, 25, and 28, yielded total decay rates proportional
ton−3 (∼ 4× 1011n−3 Hz averaged over all rotations and
sub-states, i.e. ∼ 20MHz at n = 28) [44]. Calculations
of the autoionisation rates, using a long-range potential
model [44,45], indicated that ∼ 70% of the total decay
rate of these states could be attributed to autoionisation,
with the remaining ∼ 30% associated with predissocia-
tion. This is in line with previously measured predissoci-
ation rates of ng(N+) states with v+ = 0 [42]. For all of
the short-lived states studied in these works, the sponta-
neous emission rates were approximately three orders of
magnitude lower than the autoionisation rates.

To connect these previous results to themeasurements
reported here for long-lived, �-mixed Rydberg–Stark
states, the vibrational autoionisation rates predicted by
the long-range potential model were extrapolated to
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Figure 6. Measured trap decay time constants, τdecay, forn(2)Rydberg stateswith v+ = 1. The datawere recorded forV0 = 149 V (open
blue diamonds), and V0 = 100 V (filled orange squares).

higher values of � [44,45]. This allowed a rough estimate
of the order of magnitude of the n- and �-dependent
vibrational autoionisation rates, γvib(n, �), given by

γvib(n, �) � 1016n−3 �−8 Hz. (1)

From this expression, it is determined that the vibra-
tional autoionisation rates of n = 38 Rydberg states with
values of � between 4 and 12 may be expected to lie
between γvib(38, 4) ∼ 1MHz and γvib(38, 12) ∼ 100Hz.
The spontaneous emission rates of these same states are
between 10 and 1 kHz.

The molecules that were successfully decelerated and
trapped in the experiments reported here were those
in outer LFS Rydberg–Stark states. Calculations of the
vibrational autoionisation rates of these states, for n = 38
and MN = 4, and in Stark manifolds with �min = 4, 5,
and 6 (in an atom these would correspond to m� = 4, 5,
and 6manifolds, respectively) were therefore made to aid
in the interpretation of the experimental data. In these
calculations, the vibrational autoionisation rate of a Stark
state |i〉 was determined by decomposing it into Hund’s-
case-(d) basis states |k〉 = |nk �k N+k Nk MNk〉, such that

γvib−calc,i =
∑

k

|cik(Fz)|2 γvib(nk, �k), (2)

where cik(Fz) = 〈k|i(Fz)〉 are the coefficients of the cor-
responding eigenvector in the electric field, Fz. These
coefficients were calculated by thematrix diagonalisation
methods described in Ref. [6]. The typical time-averaged

electric field strength of Fz = 95V cm−1, experienced
by the molecules as they moved within the traps was
determined through numerical particle trajectory calcu-
lations, and used in the calculations. By accounting for
the n- and �-dependence of γvib(n, �) using the expres-
sion in Equation (1), the vibrational autoionisation rates
obtained for the outermost LFS Stark states with �min =
4, 5, and 6 were ∼ 3, ∼ 0.7, and ∼ 0.2 kHz, respectively.
These rates are all an order of magnitude, or more, larger
than the experimentally determined bound of γvib−trap �
60Hz.

To obtain further insight into the link between the
experimental data and these crude order of magnitude
estimates, the vibrational autoionisation rates of the field-
free |n�〉 Rydberg states were considered more generally
to have the form

γvib(n, �) = An−3 �−p, (3)

where A and p are adjustable parameters. To explore
the range of values of A and p that could result in
Rydberg–Stark state vibrational autoionisation rates �
60Hz, these parameters were constrained to ensure that
γvib(n, 4) was equal to the values reported recently for
Rydberg states with N+ = 2 in Ref. [44]. This was
achieved by adjusting the value of A for each value
of p. For these tests the value of p was chosen to lie
between 6 and 18 because the intramolecular charge-
dipole, charge-quadrupole, and charge-induced-dipole
interactions scale with �−5 − �−7, �−3 − �−9, and �−5 −
�−7, respectively [40]. And, considering Fermi’s Golden
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Figure 7. Calculated vibrational autoionisation rates of the outermost LFS Stark states with n = 38 andMN = 4 in manifolds for which
the minimum � character considered was �min = 4 (black circles), 5 (open blue squares), and 6 (red triangles) (see text for details).

Rule, the corresponding vibrational autoionisation rates
would depend on the square of these quantities.

The calculated values of γvib−calc for the outermost
LFS Stark states with n = 38 and MN = 4 in manifolds
with �min = 4, 5, and 6 are shown in Figure 7. From these
data, it is seen that when �min = 4, γvib−calc converges
to ∼ 600Hz as the value of p is increased. This repre-
sents the field-free � = 4 vibrational autoionisation rate
for this value of n. Because the experimental bound on
the vibrational autoionisation rates in the work reported
here (dashed horizontal line) lies below γvib−calc for all
values of p under these conditions, it is concluded that the
Rydberg states of the decelerated and trapped molecules
cannot possess any � ≤ 4 character. For �min = 5 and 6,
the calculated vibrational autoionisation rates do reduce
below 60Hz for p � 12, and 10, respectively. In both of
these cases, the fluorescence rates of the field-free Ryd-
berg states exceed the vibrational autoionisation rates for
� � 8. The �-scaling suggested by these observations is
stronger than that in Equation (1). However, because
even crude estimates of the kind outlined here of vibra-
tional autoionisation rates of �-mixed Rydberg–Stark
states are very sensitive to the vibrational autoionisation
rates of the field-free low-� states, a more precise inter-
pretation of the experimental results will require more
accurate values of the vibrational autoionisation rates of
the field-free Rydberg states with � > 4.

4. Conclusions

The experiments reported here represent the first in
which Rydberg molecules have been decelerated and
electrostatically trapped in vibrationally excited states.
The measured trap decay time constants exhibit a sim-
ilar general reduction as the value of n is increased, to
those for v+ = 0Rydberg–Stark states studied previously.
This behaviour is attributed to the effects of vibrational
channel interactions that couple long-lived high-n Ryd-
berg states with a given value of v+, to short-lived n = 7
states with v+ ′ = v+ + 1. Comparison of the decay rates
of the trapped vibrationally excited Rydberg molecules,
with those for samples in states converging to the ground
vibrational state of theNO+ ion core, has allowed bounds
to be placed on the rates of vibrational autoionisation
of the �-mixed Rydberg–Stark states. A crude numerical
analysis based on extrapolation of vibrational autoionisa-
tion rates of low-� Rydberg states to the states of interest
here with higher values of �, leads to the conclusion
that the minimum-� character of the Stark states of the
trapped molecules must be ≥ 5. Therefore, the mini-
mum value of |MN | must at least fulfil the condition
that |MN | > |N+ − 4|. A more detailed interpretation of
these results will benefit from experiments performed
with molecules decelerated and trapped in individual
Rydberg–Stark states with selected values of |MN |. This
could be achieved by combining high-resolution laser
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photoexcitation with population transfer between Stark
states driven by microwave or millimetre-wave radia-
tion. A more complete theoretical treatment of the Stark
effect in the Rydberg states of NO that combines, for
example, multichannel quantum defect theory with input
from experiments and the results of quantum chemical
calculations to allow links to be made between channel
interactions and the interactions of the Rydberg electron
with the multipole moments of the ion core, will also be
of great value.
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