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ABSTRACT

Nitric oxide (NO) molecules in pulsed supersonic beams have been excited to long-lived Rydberg-Stark states in series converging to the
lowest vibrational level in the ground electronic state of NO* with rotational quantum numbers N* = 2, 4, and 6. The molecules in these
excited states were then guided, or decelerated and trapped in a chip-based Rydberg-Stark decelerator, and detected in situ by pulsed electric
field ionization. Time constants, reflecting the decay of molecules in N* = 2 Rydberg-Stark states, with principal quantum numbers # between
38 and 44, from the electrostatic traps were measured to be ~300 us. Molecules in Rydberg-Stark states with N = 4 and 6, and the same range
of values of n were too short-lived to be trapped, but their decay time constants could be determined from complementary sets of delayed
pulsed electric field ionization measurements to be ~100 and ~25 us, respectively.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171329

I. INTRODUCTION

High Rydberg states of small molecules are of interest in preci-
sion tests of molecular quantum mechanics,' ~ studies of photoion-
isation dynamics and plasma recombination,” ' investigations of
long-range interactions with other atoms and molecules and the
formation of exotic bound states,'> '* and studies of ion-molecule
reactions at low temperatures.”” '* The preparation of cold elec-
trostatically trapped gases of such molecules offers opportunities
to study slow excited-state decay processes, including effects of
weak intramolecular interactions, with unprecedented precision on
the order of 1 kHz."” *' Investigations of effects of rotational and
vibrational excitation on these Rydberg state decay rates provide
valuable input into the development of new approaches to trace gas
detection.””’

Here we demonstrate the use of a combination of the meth-
ods of Rydberg-Stark deceleration and electrostatic trapping, and
delayed pulsed electric field ionization (PFI) to study effects of
rotational excitation of the NO* ion core on the decay of long-
lived Rydberg states in Nitric oxide (NO). The states studied had
rotational quantum numbers of the ion core of N* =2, 4, and 6.
The measurements reported extend beyond previous work in which
effects of vibrational excitation on slow decay processes of long-
lived Rydberg states in NO in series with N * =0, 1, and 2 were

studied."” " That earlier work allowed bounds to be placed on
effects of vibrational autoionization on the decay of such states.

In the following, the experimental apparatus and techniques
are described in Sec. II. The results of the experiments are then
presented and discussed in Sec. I1I. In Sec. I'V conclusions are drawn.

Il. EXPERIMENT

The experiments described here were carried out in a cryogeni-
cally cooled chip-based Rydberg-Stark deceleration apparatus.'””’
In this setup, pure pulsed supersonic beams of NO were generated
with a mean longitudinal speed of 800 ms™". The molecules in these
beams were photoexcited from the negative-parity lambda-doublet
component of the X 21—[1/2 ground electronic state with 7’ = 5/2, to
high Rydberg states using the resonance-enhanced

nfX'ET (v = 0,NT) « A’ST(V = 0,N" =4,]" =7)2)
< XM, (v =0,]" = 5/2) (1)
two-color two-photon excitation scheme,” ® as depicted in Fig. 1.
This was driven using the frequency tripled and frequency doubled

outputs of two counter-propagating Nd:YAG-pumped pulsed dye
lasers at wavenumbers v, and v, respectively. For the measurements
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FIG. 1. Resonance-enhanced two-color two-photon laser excitation scheme used to prepare high-n Rydberg states in NO, in series converging to the vt = 0 vibrational level
in the ground electronic state of NO* with rotational quantum numbers N* = 2, 4, and 6. The grey rectangles overlaid on the Rydberg series on the left side of the figure
encompass the energetic regions containing the Rydberg states with values of n between 38 and 44 studied here. Short lived n = 7 states in Rydberg series with v* = 1
that are located close to the v = 0, N* = 0 ionization limit are indicated on the right side of the figure. In the wavenumber range encompassed in this part of the figure, the

states with all possible values of £ and N are included but not explicitly labelled.

reported here v; = 44225.35 cm™ (= 226.115 nm) [~90 yJ/pulse],
and v, was tuned in the range from 30384 to 30511 cm!
(= 329.12-327.75 nm) [~0.7 mJ/pulse]. The radiation at wavenum-
ber vy (v2) was linearly polarized parallel (perpendicular) to the
axis of propagation of the molecular beam. For each laser system
the vacuum wavelength of the fundamental output was monitored
and calibrated using a fibre-coupled wavelength meter. The inten-
sity of the tunable radiation at wavenumber v, was monitored on a
photodiode.

After photoexcitation, three types of measurements were per-
formed. Either the Rydberg molecules: (i) travelled for a short
distance beyond the excitation position for a time t = 1 us before

detection by pulsed electric field ionization (PFI); (ii) were loaded
into a single traveling electric trap of the Rydberg-Stark decelerator”’
and guided at a constant speed of 795 ms™' to a detection posi-
tion ~10 cm downstream in the apparatus, with delayed PFI then
performed at a time ¢ = 132 us after photoexcitation; or (iii) were
decelerated in a traveling trap in the decelerator from 795 ms™" to
rest in the laboratory-fixed frame of reference. In this last case detec-
tion of the trapped molecules was carried out in situ at the position
of the trap by PFI at times t > 250 us after photoexcitation.”® The
PFI process was implemented with a rapidly-rising pulsed potential
applied to one of the electrodes in the excitation region (measure-
ment type i), or the side electrodes in the decelerator (measurement
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types ii and iii), or in a state-selective way (SFI) using a slowly rising
potential. The SFI potential had a rise time of ~4.4 s correspond-
ing to a switching rate of ~70 V/us, and allowed electrons produced
by direct photoionization to be distinguished from those generated
by electric field ionization of bound Rydberg states. The ions or
electrons generated by PFI or SFI were accelerated out of the decel-
erator structure and cryogenic region of the apparatus and collected
at either one of two microchannel plate (MCP) detectors operated
at room temperature. The operating potentials of the MCPs were
adjusted to allow NO™ ion detection by PFI, or electron detection by
SFIL.

lll. RESULTS AND DISCUSSION

The photoexcitation scheme in Eq. (1) goes through the inter-
mediate A state with total angular momentum quantum number
excluding spin N’ = 4. This state is a low-lying Rydberg state with
94% s character and 5% d character.”””’ Single photon electric
dipole transitions from this state to high-n Rydberg states may be
considered, within the ion-core rotation spectator model, to trans-
fer all photon angular momentum to the excited electron. This
allows optical access to Rydberg states with np or nf character. The
np Rydberg states in NO decay rapidly by predissociation. There-
fore, the longer-lived states of interest in the experiments reported
here were those with nf character. In the high-n Rydberg states,
the rotational angular momentum vector of the ion core exclud-
ing spin is N = N — /. As the rotational angular momentum of
the ion core remains unchanged in the transition Nt=N -/,

where ¢’ is the electron orbital angular momentum vector in the
A state, and therefore N* = [N' = ¢'|--- [N’ + £'|.>' However, since
these Rydberg states must be of opposite parity to the intermediate
A state, when excited in a single-photon electric dipole transi-
tion, and the AZZ+(VI =0,N' =4,] = 7/2) state has positive parity,

only Rydberg states for which (~1)~ o 1 are optically accessi-

ble. These are therefore the nf Rydberg states for which N t =2 4,
and 6.

In the experimental apparatus, weak time-varying electric fields
associated with laboratory noise, and collisions with ions and elec-
trons present close to the time of laser photoexcitation, gave rise to
population transfer from the field-free nf Rydberg states into longer-
lived ¢-mixed Rydberg-Stark states.”””” This process occurred most
effectively for states with nf character because of their comparatively
small quantum defects of & ~ 0.02,”""" and hence their energetic
proximity to the higher-¢ states with the same value of n. This
£-mixing happened less readily for the shorter-lived np states, par-
ticularly at lower values of n, because of their larger quantum defects
of 8 ~ 0.7."° The Rydberg-Stark states populated by this mecha-
nism in the experiments may be considered hydrogenic states. Their
electronic wavefunctions have approximately equal amplitude con-
tributions from orbitals with all values of £ > 3, and they exhibit
linear Stark energy shifts in weak electric fields. The particular sub-
set of these levels with positive Stark shifts, i.e., the low-field-seeking
states, are well suited to deceleration and electrostatic trapping using
inhomogeneous electric fields.”” Because the quantum defects of
the nf states are not strongly dependent on the rotational quantum
number, N¥, of the NO* ion core, the mechanisms by which the
long-lived Stark states are populated are similar for Rydberg series
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with different values of N*. By exciting the molecules through the
level in the intermediate A-state with a rotational quantum number
N’ = 4, it was therefore possible to prepare molecules in similar dis-
tributions of /-mixed Rydberg-Stark states in series with N t =2, 4,
and 6.

The spectrum of Rydberg states prepared in the experiments,
with lifetimes sufficient for detection 1 ys after excitation, can be
seen in Fig. 2(c). This was recorded by SFI, to allow the signal
from the bound Rydberg states presented, to be separated from that
of free electrons generated by direct photoionisation close to, or
above the series limits for the lower values of N*. This, and the
other spectra in Fig. 2, represent the mean of between 7 and 16
individual spectra. When recording these spectra, the intensity and
wavenumber of v, was monitored for each data point. The NO*
ion, or the electron signal on the MCP was then normalized to
account for effects of shot-to-shot intensity fluctuations by divid-
ing by the laser intensity. Since the sets of values of v, sampled
in each individual spectrum were not exactly the same from one
measurement to the next, because of the way in which the tunable
dye laser was scanned, to average the spectra, an equally spaced
set of wave numbers covering the entire measurement range was
generated. At each wavenumber in this set, the average spectral
intensity was then determined from the weighted mean of the indi-
vidual spectra using a Gaussian weighting function with a standard
deviation ¢ = 0.075 cm™" corresponding to that of the laser spectral
profile.

4.0 30 35 40 45 50 55 60np(4) F
30 35 40 45 50 5560 nf(4)
3,59 Tttt -
35 40 45 50 5560 nf(2)
3.01 30 35 40 nf(6)
(a) I e e B R N R R
Zas
g “7 ] Trapped
5 ] i=300ps b
£ 5ot L
5201 WLALER AR
= o
&
2 157 Guided x15 |
= ) LA
Lodu Ll L0 W o=
©

———="

0.5

el

30400 30420 30440 30460 30480 30500
v, (cm™h)

FIG. 2. Laser photoexcitation spectra of Rydberg states in NO recorded after (a)
deceleration and trapping at t = 300 us, (b) transport at constant speed in a travel-
ing electric trap in the decelerator with detection at t = 132 us, and (c) detection at
t = 1 us after photoexcitation. For all measurements, vy = 44 225.35 cm~". The
vertical red dashed line at 30494.90 cm~" in (c) indicates the N* = 2 series limit.
The spectra in (a) and (b) were recorded by monitoring the NO* ion signal fol-
lowing delayed PFI. The spectrum in panel (c) was recorded by electron detection
following SFI.
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The spectrum in Fig. 2(c) contains transitions to states with
values of #n between 33 and ~55 in the N* = 2 (lowest wavenum-
ber resonances), N* = 4 (middle section of the spectrum between
~30430 and 30480 cm_l), and N* =6 (high wavenumber reso-
nances) series. Each of the features observed can be associated
with transitions to the individual Rydberg states in these series as
indicated by the vertical bars at the top of the figure. The series
observed are those expected from the propensities for transitions
from the intermediate A state.””® The spectra are dominated by
transitions to n¢(N") = nf(N*) Rydberg states. However, there are
several features corresponding to excitation on np(4) resonances.
These typically arise as a result of intramolecular charge-multipole
interactions between near degenerate states.””””"’ Interactions of
this kind mix optically accessible np(4) character into n'¢'(N*")
states which further evolve in the time—varying electric fields close
to the time of excitation into long-lived n'(N*") ¢-mixed Rydberg-
Stark states. The intensities of the resonances observed depend on
the efficiency with which the Rydberg-Stark states are populated
in each case. The increase in the intensity of the signal associ-
ated with the excitation of N* =6 states with values of n > 38
and v; > 30490 cm™ is attributed to an increase in the number
of ions and electrons, and enhanced electric-field-induced #- and
Mn-mixing close to the time of photoexcitation, in this spectral
region which is close to or above the N* = 2 series limit (dashed red
vertical line).

The spectrum in Fig. 2(b) was recorded by detection of
molecules that were loaded into a single traveling electric trap in
the Rydberg-Stark decelerator and transported without deceleration
over a distance of 100 mm to a second detection region in the appa-
ratus. There, upon switching off the guiding fields, the molecules
were detected by PFI at a time ¢ = 132 ps after photoexcitation. The
resulting spectrum is very different to that in Fig. 2(c). It is domi-
nated by the features in the wavenumber range between 30400 and
30460 cm ™' that are also present in panel (c). However, the spec-
tral intensity distribution is different. The stronger features in the
delayed PFI spectrum correspond to excitation on #f(2) resonances,
while the transitions to states with N* = 4 are weaker. Transitions to
Rydberg states with N* = 6 are almost completely absent from this
spectrum. They can however be identified in the wavenumber range
between 30 460 and 30 510 cm ™" if the signal amplitude is scaled by a
factor of 15 [orange spectrum inset and vertically offset in panel (b)].
The relative intensities of the observed features arise from a combi-
nation of (i) the efficiency with which long-lived Rydberg states were
populated, (ii) the efficiency with which the molecules were loaded
into, and transported in the traveling electric trap of the decelerator,
(iii) the detection efficiency, and (iv) the excited-state decay rates.
The gradual reduction in spectral intensity for values of n below ~40
is a consequence of the excited states not having sufficiently large
electric dipole moments — which scale with n* — for efficient guid-
ing. The reduction in the spectral intensity at values of n 2 44 is a
consequence of losses by electric field ionization during the guiding
process. These losses increase with 7 because of the n™*-dependence
of the ionization electric field strength of high Rydberg states. How-
ever, across the spectrum in Fig. 2(b) molecules excited to n(N™")
states with the same value of n are expected to be loaded into, guided
in and detected in the decelerator with a similar efficiency because
these processes are dominated by the characteristics of the Rydberg
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electron charge distribution and not strongly affected by the rota-
tional state of the ion core. The differences in spectral intensity of
the series with different values of N* in Fi gs. 2(c) and 2(b) therefore
suggest that the molecules prepared in more highly excited rota-
tional states, i.e., those with N* = 4 and 6, decay more rapidly from
the traveling electric traps, as they are guided to the position where
delayed PFI was performed, than those in the N* = 2 states.

Further information on the decay dynamics of the excited
molecules was obtained by deceleration to rest in the laboratory-
fixed frame of reference and electrostatic trapping. For molecules
traveling with an initial longitudinal speed of 795 ms™" this decel-
eration process took ~250 ps.'” A spectrum recorded with detection
after a subsequent trapping time of 50 ys, and therefore at total time
after photoexcitation of t = 300 s is displayed in Fig. 2(a). This spec-
trum contains fewer strong resonances than that in panel (b). The
features observed are predominantly those associated with the tran-
sitions to Rydberg states in the N* = 2 series. This further reduction
in signal from molecules in the more highly excited rotational states
at this later detection time lends additional weight to the suggestion
that for a similar range of values of n, the Rydberg states excited
in series converging to more highly excited rotational states of the
NO™ ion core decay more rapidly than those associated with lower
rotational states.

Quantitative information on the decay rates of the decelerated
and electrostatically trapped molecules was obtained by direct mea-
surements of trap loss. These were carried out for molecules excited
on N" = 2 resonances only, using the methods described and charac-
terized in detail in Ref. 20. This involved measurements of trap decay
time constants for values of n between 38 and 44 inclusive, over
times ranging from 300 to 600 ys after photoexcitation, i.e., for trap-
ping times between 50 and 350 ys. The results of these measurements
are presented in Fig. 3(a). Each data point in this figure represents
the weighted mean of up to 3 separate measurements. The error
bars reported represent the uncertainty on the mean. The measured
trap decay time constants range from 340 to 275 us and gener-
ally decrease as the value of n increases. These values agree within
the experimental uncertainties with those measured upon photoex-
citation from the A22+(Vl =0,N'=0,] =1/ 2) intermediate state,
reported previously.”’ The general decrease in the trap decay time
constant with # in this set of data is attributed to the increase in
the coupling, as the excitation wavenumber is increased, to the short
lived, ~1 ps, n = 7 states with v* = 1located close to the N* = 2 series
limit (see Fig. 1).”” The deviations of the trap decay time constants
from this general trend, for example at n = 43, can be attributed to
effects of intramolecular charge-quadrupole interactions that result
in the population of pairs of near degenerate Rydberg states in series
with values of N* that differ by two.”’ In the particular case of the
n = 43 states in the N* = 2 series, the coupling that occurs is with
the longer-lived near degenerate n = 48 states in the N* = 0 series.
The decay time constants of molecules excited to states with N* = 4
and 6 could not be measured by monitoring loss rates from the elec-
trostatic trap because of the insufficient signal strength at later times
after photoexcitation.

Although the decay time constants of n(4) and #n(6) Rydberg
states could not be obtained from trap decay measurements, they
could be determined from the changes in the relative spectral inten-
sities of the corresponding resonances in the spectra recorded at
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FIG. 3. (a) Measured trap decay time constants, 7,), for NO molecules in long-
lived Rydberg states with N* = 2. Decay time constants determined for molecules
in Rydberg-Stark states with (b) N* = 4, and (c) N* = 6, from the relative inten-
sities of the corresponding features in spectra recorded upon detection at t = t, =
1usand t =t = 132 s after photoexcitation, and calibration using the values of
Ty2) in panel (a). See text for details.

t=to=1ps[Fig. 2(c)] and t = t; = 132 ps [Fig. 2(b)] after photoex-
citation. To achieve this, the decay rates of the molecules in the n(2)
Rydberg states measured after deceleration and electrostatic trap-
ping were used for calibration, and the assumption was made that
the decay of the molecules in the time between laser photoexcitation
and t =ty = 1 us could be neglected. This is a reasonable assumption
in the cases of interest here because this period of time is <1% of the
typical decay time constant of the molecules in these #(2) Rydberg
states.

For each value of n, the efficiency with which long-lived
Rydberg-Stark states were populated was assumed to be similar for
all values of N* studied. This assumption is based on the fact that
the quantum defects of the optically accessible nf Rydberg states,
and hence their proximity to the manifold of long-lived ¢-mixed
Rydberg-Stark states into which population evolves after excitation,
are not strongly dependent on the value of N*. From this starting
point, the differing contributions from the detection and guiding
efficiencies in the spectra recorded directly after photoexcitation at
to = 1 ps, and after confinement and guiding in the traveling trap
of the decelerator for t; = 132 us, could be accounted for by scaling
the data recorded at the later detection time by a factor Csle (1, t1),
such that the ratio of the resulting, normalized spectral intensity

ARTICLE pubs.aip.org/aipl/jcp

Cscale (n, 1) In2) (1) to Inz)(to) on the n(2) resonances was equal
to that expected from an exponentially decaying function with the
corresponding decay time constant, 7,(), in Fig. 3(a), i.e.,

Cscale(n> t )In(Z)(tl) [ t — tO]
=exp|-———|

L2y (to) Ta(2)
This same scaling factor was used to normalize the signal amplitude
associated with the n(4) and n(6) resonances in the same spec-

trum. The decay rates of these states could then be obtained by
determining 7,,(y+y from

Cscale(”> 1 )L,(N*)(tl) t—to
=exp|-———
Ly (to)

2)

©)

Tn(N*)

when N* = 4 and 6. This procedure was repeated for each individ-
ual value of n between 38 and 44 for which the measurements were
made, with the results presented in Figs. 3(b) and 3(c).

The data in Figs. 3(b) and 3(c) show that the decay time con-
stants of the N* =4 and 6 Rydberg-Stark states populated in the
experiments range from 50 to 150 us, and from 23 to 29 us, respec-
tively. These are significantly shorter than the values of 7, in
Fig. 3(a). The general trend observed is therefore that the decay time
constants for a given value of  reduce as the value of N* is increased,
i.e., the Rydberg state decay rates increase with increasing N*. How-
ever, the general trend within each individual N* Rydberg series -
that the decay time constants decrease as the value of n increases
because of interactions of the Rydberg electron with the NO* ion
core”” - persists for each value of N* although it is less apparent for
the shorter-lived states with N* = 6.

The principal new observation reported here is that the decay
time constants for Rydberg states excited with the same values of
n in NO decrease with rotational excitation of the NO* ion core,
and in particular that these decay time constants differ by an order
of magnitude if N* is increased from 2 to 6. The spontaneous emis-
sion rates of the Rydberg states studied are not expected to exhibit
a strong dependence on N*. Therefore the observations point to
an increase in the rates of non-radiative decay processes, i.e., rota-
tional autoionization or predissociation, as the value of N * increases.
Since the N* =2 and 4 states studied lie below all lower-N* Ryd-
berg series limits (see grey rectangles in Fig. 1), these states cannot
decay by rotational autoionization. The change, by a factor of ~1/3,
in the lifetimes of the Rydberg states with N* = 4 compared to those
with N* =2 in Figs. 3(a) and 3(b) therefore cannot be attributed to
rotational autoionization. As can be seen in Fig. 1, the N* = 6 Ryd-
berg states studied do lie above the ionization limits of all series with
N* < 3. However, the strongest rotational channel interactions that
could give rise to rotational autoionization are the charge-dipole
interaction between the Rydberg electron and the static electric
dipole moment of the NO* ion core, and the charge-quadrupole
interaction. The charge-dipole interaction couples states for which
AN* =1, while the charge-quadrupole interaction couples states for
which AN" =0 or 2. Since couplings between the bound Rydberg
statesin the N* = 6 series and the ionization continuum with N* < 3
necessitate an interaction for which AN > 3 this can only occur
through higher-order processes which are not expected to have a
high propensity. For the particular states studied here we there-
fore conclude that the observed dependence of the Rydberg state
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decay rates on the value of N* is not dominated by effects of rota-
tional autoionization, and must therefore be caused by changes in
the Rydberg-state predissociation rates.

Changes in the rates of predissociation of the Rydberg states
with N* = 2, 4, and 6 studied can be attributed to differences in the
amount of low-¢ character, i.e., £ 5 3, of the Rydberg-Stark states
populated in the excitation process as the value of N* increases.
From the measured decay time constants of the Rydberg states in
the N* =2 series in Fig. 3(a), and additional data reported in
Refs. 20 and 21, we conclude that the molecules in long-lived Ryd-
berg states that are successfully decelerated and trapped must be in
states with azimuthal quantum numbers |My| 2 4. For N * =2, there
exist 2N* + 1 = 5 manifolds of £-mixed Rydberg-Stark states, and
when |My| = 4 the minimal short-lived low-¢ character in each of
these manifolds ranges from 2 to 6. Because of this there are many
Rydberg-Stark manifolds that do not possess any low-/, i.e., £ S 3,
character. The molecules in these manifolds are therefore most likely
to be decelerated and trapped as they are the longest-lived.

This situation is, however, different for N* = 40r6. For N* = 4,
the manifolds of Rydberg-Stark states for which |[My| = 4 can con-
tain values of £ down to zero. The short-lived £ $ 3 character in these
manifolds of Rydberg-Stark states, results in shorter measured decay
times for each value of n than observed when N* = 2. For N* =6,
this situation is even further exaggerated with many more manifolds
of [Mn| = 4 Rydberg-Stark states possessing low £ character, and the
decay times of the states populated in the excitation process further
reduce. Although the distribution of values of |My]| of the excited
molecules is expected to be similar for each value of N *  contribu-
tions from states with short-lived low-£ character differ significantly
as the value of N* is increased. The observed reduction in the decay
time constants of the molecules for each particular value of n with
increasing N* is therefore attributed to changes in the underlying
low-£ character of the states that are populated. This interpretation
of the experimental data is consistent with the behavior of the trap
decay time constants for a more limited number of Rydberg states
with N* =0,1,and 2 reported in Ref. 20.

IV. CONCLUSIONS

Using a combination of the methods of Rydberg-Stark deceler-
ation and delayed pulsed electric field ionization, effects of rotational
excitation of the NO™ ion core on the decay of long-lived Rydberg
states in NO have been studied with unprecedented precision. For
a laser photoexcitation scheme that resulted to the population of
¢-mixed Rydberg-Stark states with similar values of |[My| for each
value of # and N, it was found that in general the decay time con-
stants of the excited states decreased when the NO™ ion core was
more highly rotationally excited. This observation is attributed to an
increase in the rates of predissociation of the Rydberg states popu-
lated in the experiments as the value of N* was increased. This is a
consequence of an increase, with the value of N *_in the short-lived,
predissociative low-£ character of the /-mixed Rydberg-Stark states
with similar values of |[My|. In the experiments reported, individual
Rydberg-Stark states were not resolved spectroscopically or selec-
tively prepared at laser photoexcitation. In future it will be of interest
to extend the experiments to achieve full quantum-state resolu-
tion, and carry out similar measurements for homonuclear diatomic
molecules, e.g., N, in which the absence of an electric dipole
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moment of the ion core modifies the strength the charge-multipole
interactions that contribute to the observed decay dynamics.
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