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a b s t r a c t
Nuclear and electronic dynamics in a wavepacket comprising bound Rydberg and valence electronic
states of nitrogen from 12 to 15 eV are investigated using attosecond transient absorption. Vibrational
quantum beats with a fundamental period of 50 femtoseconds persist for a picosecond in the b0 1R+u
valence state. Multi-state calculations show that these coherences result primarily from near infraredinduced coupling between the inner and outer regions of the b0 1R+u state potential and the dark a00 1R+g state.
The excellent spectral and temporal resolution of this technique allows measurement of the anharmonicity
of the b0 1R+u potential directly from the observed quantum beats.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Tunable attosecond pulses of light in the extreme ultraviolet,
which can be generated from table-top laser systems, provide a
powerful tool for the investigation and control of ultrafast electronic and nuclear dynamics [1–3]. The large energy bandwidth
of attosecond pulses makes them uniquely suited to the creation
of coherent superpositions of multiple excited electronic states.
In atoms, these consist of radial Rydberg state electronic
wavepackets [4]. In molecules, excited electronic states can have
widely varying potential shapes that support nuclear motion when
triggered by excitation from the ground electronic state [5,6]. This
is the case even for simple diatomic molecules such as nitrogen, as
investigated here.
Attosecond transient absorption (ATA) spectroscopy is an alloptical technique that gives direct access to novel dynamics in
highly excited states of atoms and molecules [7]. Due to the typically low intensity of attosecond pulses [8], the motion of the
wavepacket that is launched by the attosecond pulse is monitored
through the introduction of a strong near-infrared (NIR) fewfemtosecond laser pulse that optically couples levels to neighboring states. In this type of experiment, the extreme ultraviolet
⇑ Corresponding author at: Department of Chemistry, University of California,
Berkeley, CA 94720, USA
E-mail address: dneumark@berkeley.edu (D.M. Neumark).

(XUV) absorption spectrum in the frequency range covered by
the attosecond pulse is recorded as a function of the delay between
the attosecond and femtosecond pulses. The attosecond pulse
excites a wavepacket of dipole-allowed states, which creates a
time dependent electronic charge distribution in the sample. Light
emitted from this induced polarization interferes with the incident
XUV field to give absorption features. When the NIR femtosecond
pulse arrives, it modifies the induced polarization by ionization
or coupling to neighboring states. This results in changes to the
observed absorption spectrum due to electronic and vibrational
coherences. ATA spectroscopy has exceptional time and energy
resolution, limited only by the pulse durations, the stabilization
of the time delay between the pulses used, and the resolution of
the XUV spectrometer. Due to their resonant nature, quantum
beats, including those with sub NIR laser cycle periods, can be
observed with phase-locked pulses even if the NIR pulse is several
femtoseconds in duration [9–11]. In atomic systems, ATA has been
used to observe interference processes in electronic Rydberg
wavepackets [10–13], to create transient light-induced states
[9,14,15], to reconstruct correlated two electron dynamics [16],
and to measure few femtosecond autoionization lifetimes [17–19].
Recent work has extended this technique to bound homonuclear diatomic molecular systems, showing that similar electronic
processes can be measured [20–22]. The excited ion core Rydberg
states above the first ionization potential of nitrogen are found to
behave similarly to those of atomic species [20]. Lifetimes of
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autoionizing Rydberg states of nitrogen were measured and quantum beats between electronic states observed and maximized
through shaping of the initial wavepacket [21]. The increase in
complexity of ATA experiments caused by the addition of nuclear
degrees of freedom has stimulated the development of theoretical
methods that can account simultaneously for electronic and
nuclear vibrational motion in the interpretation of the dynamics
[22–25]. Until now, experimental efforts have focused on molecular Rydberg states, where the excited electron is in a large, diffuse
orbital that does not strongly perturb the molecular core or contribute to bonding [26].
In contrast, excitation to molecular valence states often involves
the promotion of an electron from a bonding to an antibonding
molecular orbital, resulting in a large geometry change with
respect to the ground state, and a high degree of vibrational excitation in the excited state can occur as a consequence of the electronic excitation. Nitrogen has two states of valence character, the
b 1Pu and b0 1R+u states, in the 12–15 eV energy range [27–30]. A
schematic of the relevant potential energy curves is presented in
Fig. 1. Single photon excitation to these states results in considerable nuclear motion, not considered before in the ATA studies of
Rydberg state dynamics.
In this paper, we present a detailed experimental and theoretical treatment of ATA measurements on the bound Rydberg and
valence states of nitrogen below the first ionization potential. An
XUV pulse with a broad spectrum spanning 12–17 eV coherently
excites the electronic states of nitrogen. A time-delayed, few femtosecond NIR pulse probes the evolution of the resulting electronic
and vibrational wavepacket by optical coupling between the initially excited and neighboring vibronic states. We focus here on
the extensive vibrational quantum beating in the b0 state of nitrogen, which was noted, but not investigated, in our previous work
[20]. The observed quantum beats are analyzed in detail to measure the anharmonicity of the potential and consider the effects
of configuration mixing with neighboring Rydberg states of the
same symmetry. A 12-electronic-state model based on the Born
Oppenheimer approximation and involving coherent wavepacket
motion in the vibrational degrees of freedom reproduces many of
the spectral features of the experimental spectrum. A reduced
model including only the b0 valence state and the NIR-coupled a00
1 +
Rg double-well state shows that distinct quantum beat features
arise as the wavepacket traverses the inner and outer turning points
of the b0 state since these two regions are coupled to different wells
of the a00 state by the NIR probe pulse.

2. Experiment
The experimental setup is similar to that described previously
[20]. Laser pulses from a commercial (Femtolasers) Ti:sapphire
laser system with a multipass amplifier are spectrally broadened
and temporally compressed using a gas-filled hollow-core fiber
and chirped mirrors to generate 800 lJ of sub-6 fs NIR pulses at a
1 kHz repetition rate. The NIR pulses have a central wavelength
of 1.6 eV (780 nm) with considerable bandwidth spanning 1.3–
2.25 eV (950–550 nm). A beamsplitter divides the NIR beam into
two arms. The majority (70%) of the beam passes through the
optics necessary to implement double optical gating [31] to generate isolated attosecond pulses and is focused into a laser-drilled
1 mm pathlength cell in order to perform high harmonic generation using xenon gas. Using a 100 nm indium filter, the generating
NIR field is blocked and the spectral output of the high harmonic
generation process is limited to the 12–17 eV range. Temporal
characterization was not performed, but the broad spectrum of
the generated XUV radiation supports a sub-femtosecond
Fourier-transform-limited pulse duration.
A gold-coated toroidal mirror focuses the XUV beam into a
1 mm long cell filled with nitrogen gas (backing pressure 11 torr).
The remainder (30%) of the NIR pulse is recombined collinearly
with the XUV beam before the target cell using an annular mirror.
A variable time delay is introduced between the XUV and NIR
pulses with the step size chosen to be either 0.3 or 1 fs to adjust
measurement times based on the time-delay range to be studied.
The NIR intensity at the target is approximately 2  1012 W/cm2.
The spectrum of the XUV radiation after the target, which comprises both the transmitted XUV light and the dipole response of
the sample, is measured using a flat field grating and an X-ray
CCD camera. The spectrometer resolution is 14 meV at 14 eV. A
150 nm indium foil blocks the transmitted NIR light before the
spectrometer.
3. Theory
In order to interpret the experimental results, numerical simulations of the combined nuclear and electronic motion are carried
out using the N-curve model described in previous publications
[23–25]. In this model, the total wave function of the molecule is
expanded in N electronic Born-Oppenheimer (BO) states, uj ðz; RÞ:

Wðz; R; tÞ ¼

N
X
Gj ðR; tÞuj ðz; RÞ;

ð1Þ

j¼1

Potential Energy (eV)

15

where Gj ðR; tÞ is the nuclear wave packet corresponding to the jth
electronic state, R denotes the internuclear separation, and z represents all the electronic coordinates. To propagate the quantum
mechanical state Wðz; R; tÞ, the expansion (1) is inserted into the
time-dependent Schrödinger equation to obtain the following equations of motion

R1, R2,
R3, & R4

14.5
o 1∏ u

14
13.5
13

c 1∏ u
c' 1 +u

b' 1
b ∏u
1

12.5

+
u

a" 1

i

+
g

X 1 +g
(-12 eV)

ð0Þ

12
1

1.5
2
Internuclear Distance (Å)

N h
i
X
d
ð0Þ
Gi ðR; tÞ ¼
Hi di;j þ V i;j ðR; tÞ Gj ðR; tÞ;
dt
j¼1

2.5

Fig. 1. A selection of nitrogen potential energy curves in the 12–15 eV energy
range. The states shown in color (solid) can be accessed by the XUV pulse. Grey
dashed states are dark states. The 12-curve model includes one additional state not
shown here: the a 1Pg valence state that spans energies from 8.55 to 11.3 eV. R1, R2,
R3, and R4 are four Rydberg-like dark states. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

with Hi

¼  2m1 N

nuclei,

Eel;i ðRÞ

@2
@R2

ð2Þ

þ Eel;i ðRÞ, mN the reduced mass of the two

the

BO

potential

energy

curve

(PEC),

el

V i;j ðR; tÞ ¼ FðtÞdi;j ðRÞ, where FðtÞ is the sum of the XUV and NIR
el

fields, and di;j ðRÞ is the electronic dipole transition moment (EDTM)
between the ith and the jth electronic states. The numerically
obtained ATA spectra are calculated using N ¼ 12 electronic states.
Guided by spectroscopic data [32], the N ¼ 12 states included in the
model are chosen to reproduce the ATA spectrum of nitrogen in the
energy range of the experiment as accurately as possible.
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4pnx  
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ð4Þ

with the approximation above being accurate for dilute gas targets.
The calculations assume a single molecular orientation rather
than a spherically symmetric distribution of orientations, which
is expected to be a better model for the unaligned target [25].
The single orientation used is chosen such that EDTMs with nonzero components parallel to the molecular axis and EDTMs with
non-zero components in either of the two orthogonal directions
have equal weights in the calculation. The single-orientation calculations were tested against calculations where contributions from
all orientations are coherently summed for selected time-delays
with very good agreement [25]. Both propagation through a
macroscopic medium [37] and integration over the angular distribution are formidable numerical tasks, so the fact that ATA spectra
can be calculated without considering these allows us to treat surprisingly complex systems.
The calculations assume an 8.9 fs 760 nm NIR pulse (FWHM of
intensity profile) with a peak intensity of 2.2  1012 W/cm2 and a
300 as 78 nm XUV pulse with a peak intensity of 5  107 W/cm2.
To reproduce the width of the absorption lines observed in experiments, the calculated time-dependent dipole moment is damped
using a window function. The timescale on which the window
function damps the dipole moment must be chosen such that the
lowest frequency components of interest, i.e. the energy differences between neighboring vibrational states, are resolved. In the
0
b and b curves, these energy differences are approximately
0.08 eV, corresponding to a vibrational period of 52 fs, so the
results presented in Fig. 2(b) are calculated using a 120 fs window
function [23]. Later, we will be interested in the modulations in
specific absorption lines as a function of time delay for hundreds
of femtoseconds. In this case, a 1.20 ps window function is used,
resulting in narrower absorption lines than are found in the
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with s the time-delay, n the target density, c the speed of light,
F XUV ðx; sÞ the Fourier transform of the XUV field, and dðx; sÞ the
Fourier transform of the time-dependent dipole moment given as
the quantum mechanical expectation value of the dipole operator,
i.e. the expectation value of the total dipole operator in the state
of Eq. (1). dðx; sÞ therefore acts as the link between the microscopic
single-system calculations and the macroscopic field propagation.
Sðx; sÞ as calculated numerically relates to the optical density
(OD) reported in the experimental ATA spectra as

"

15.0

Energy (eV)

The adiabatic BO PECs were calculated by a MultiConfigurational Self-Consistent Field approach where all 10
valence electrons are correlated in 9 orbitals. The energies of the
excited states are calculated by linear response methods, which
also provide the EDTMs between the ground and excited states
[33]. The EDTMs between excited states are calculated by quadratic response methods [34]. All calculations employ a doubly augmented cc-pVQZ basis set [35]. The calculations are carried out
by the Dalton program package [36]. To obtain Eq. (2), all nonadiabatic couplings between electronic states are neglected. The
adiabatic PECs obtained from the calculation described above must
therefore be transformed into diabatic PECs for Eq. (2) to be accurate. For some diabatic PECs, this transform requires more than 25
adiabatic curves of the same symmetry. Fig. 1 shows a selection of
PECs involved. The use of diabatic curves ensures that the EDTMs
are smooth functions of the internuclear distance and that transitions between PESs only occur due to the dipole couplings.
For dilute gases, the modulation of the XUV pulse intensity profile is well estimated by [37]:
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Fig. 2. (a) Delay-dependent absorption of nitrogen for time delays less than 120 fs
in the 12.4–15 eV energy range. The color scale represents absorption. Delay steps
of 0.3 fs were accumulated. Positive delays mean that the XUV pulse precedes the
NIR pulse. The energetic locations of the vibrational levels of the b 1Pu (red), c npp
1
Pu/c0 npr 1Ru+ (green), o 3sr 1Pu (pink) and b0 1Ru+ (blue) states are shown to the
left of the spectrum [27–30]. (b) S(x, s) of Eq. (3) calculated using the (N = 12)
curve model of Section 3. The theoretical results are obtained using a window
function [23] to damp the polarization of the target gas within 120 fs. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

experiment, but still allowing for an investigation of the timedelay dependent modulations of the lines.
4. Results
Transient absorption spectra of nitrogen from 12.4 to 15 eV as a
function of the XUV-NIR time delay are shown in Figs. 2(a) and 3
(a). Positive time delays signify that the NIR pulse arrives after
the XUV pulse. The color scale represents Fourier filtered absorbance, defined as the negative logarithm of the transmitted XUV
light divided by a reference spectrum constructed from the transmitted spectrum using a low pass Fourier filter. The filter excludes
the high frequency spectral modulations that come from absorption features while capturing the slow modulation of the incident
XUV spectrum [16]. This self-referencing of the absorbance measurements for each time delay eliminates noise caused by transient
shifts of the XUV spectrum over time.
The XUV pulse excites numerous overlapping vibrational series
associated with states of Rydberg and valence character [27–30].
The positions of vibrational levels associated with each electronic
transition are marked to the left of Figs. 2(a) and 3(a). To briefly
summarize, there are two Rydberg series converging to the ground
state, X2R+g, of the molecular ion. They are np states of different
symmetries, 3pp 1Pu and 3pr 1R+u, denoted as c and c0 . Contributions from the 4p members of the series, known as e/e0 , occur above
14.39 eV. The o series is an additional Rydberg series built on the A
2
Pu excited molecular ion core, 3sr 1Pu. Two valence states, b 1Pu
and b0 1R+u, are also present in this spectral region, and can be recognized by their closely spaced vibrational levels.
Fig. 2(a) shows the time-delay-dependent absorption for the
first 120 fs after XUV excitation, accumulated using delay steps
of 300 attoseconds. A dominant behavior for all the states in this
region is energy-level shifting. This effect is seen clearly in the first
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c/c0 Rydberg levels around 13 eV, where the spectral features are
strongly distorted energetically towards higher energies for the
first 50 fs. At higher energies, around 14.0 eV, pronounced oscillations in numerous absorption features are observed with a period
of approximately 7 fs in addition to the shifting. These are due to
Rydberg state electronic coherences in the e/e0 state, similar to
those previously reported for Rydberg states of nitrogen above
15 eV [20]. Fig. 2(b) depicts the numerically obtained spectrum calculated using the N = 12 curve model described in Section 3 with a
window function damping the polarization within 120 fs. This
spectrum captures the line shape changes well for the lowest photon energies. For photon energies above 13.5 eV, the agreement
between Fig. 2(a) and (b) is not quite as good. The breakdown of
the model occurs because of electronic states not included in the
expansion of Eq. (1), such as the e/e0 and higher energy Rydberg
states, which affect the optical properties of nitrogen at these
higher energies.
Fig. 3(a) shows an extended experimental time delay range out
to 1 ps obtained using 1 fs steps. The same short-time behavior
appears in this spectrum, but longer period oscillations, approximately 50 fs, are present in individual vibrational levels of the b
and b0 valence states. A Fourier transformation performed along
the time delay axis of the absorption spectrum can decompose
the oscillation frequencies in each absorption level, shown in
Fig. 3(b) and, over a narrower energy range, in Fig. 4. The Fourier
analysis reveals numerous near-vertical sequences of frequencies
that are evenly spaced in the frequency domain by about 0.08 eV.
They form two distinct groups in energy, with one group at energies below 13.25 eV, where absorption features due to the valence
b state dominate the static absorption spectrum, and the other
group spanning energies from 13.5 eV to about 15 eV, where the
strongest absorption features are due to the valence b0 state. The
b state oscillations were discussed over a smaller delay window
in a previous paper [20] and will not be explored further here.
Fig. 4 shows the spectral region where the valence b0 state is
observed, shown in a limited Fourier frequency region below
0.3 eV. The energies of the vibrational levels of the b0 valence and
X2R+g ion core Rydberg states with n = 3 (c/c0 ) and n = 4 (e/e0 ) in this
region are marked with horizontal lines. Each b0 state vibrational
level shows a similar pattern of oscillation frequencies at multiples
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Fig. 4. Fourier analysis of the delay dependent transient absorption of nitrogen
from Fig. 3(b) presented in the limited 13.6–14.6 eV energy range. The positions of
the vibrational levels of the b’ state are marked with grey horizontal lines [28,30].
Red lines of slope ±1 have been added to illustrate NIR-induced coupling processes.
Perturbing Rydberg states built on the ground state, X2R+g, of the molecular ion with
n = 3 (c/c0 ) and n = 4 (e/e0 ) have been marked with green arrows and lines of slope ±1
[28,29]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

of the 0.08 eV vibrational period of this state. Many of these frequencies appear as closely spaced doublet features along the horizontal lines due to anharmonicity. Additional quantum beats are
seen corresponding to particular Rydberg state vibronic levels,
indicated by the green arrows in Fig. 4. These attributes of Fig. 4
are discussed in detail below.

5. Discussion
The time dependent oscillations in the nitrogen ATA spectrum
are quantum beats that give information about the potential
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Fig. 3. (a) The delay dependent absorption of nitrogen for time delays out to 1 ps shown in the 12.4–15 eV energy range. The color scale represents absorption. Delay steps of
1 fs were used. Positive delays mean the attosecond XUV pulse precedes the NIR pulse. The energetic locations of the vibrational levels of the b 1Pu (red), c npp 1Pu/c0 npr 1R+u
(green), o 3sr 1Pu (pink) and b0 1R+u (blue) states are shown to the left of the spectrum [27–30]. (b) Fourier analysis of the spectrogram in (a) with respect to the delay axis
plotted on a log color scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dark state that is energetically resonant with the b0 valence state
via 1 NIR photon. A schematic of the proposed coupling mechanisms allowing for the observation of b0 valence state quantum
beating is shown in Fig. 5.
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Fig. 5. Schematic of possible pathways by which the NIR pulse can couple adjacent
vibrational levels in the b0 state through the a00 1R+g inner or outer potential well. The
wavepacket vibrational levels v = 10–16 are illustrated.

energy curves of the system, the nuclear dynamics in these curves,
and how bright and dark states couple in the NIR field. In ATA
experiments, quantum beats are caused by 2-photon NIRinduced coupling between two bright state levels through a resonant dark state [9,11–13,16,20,22].
The exact NIR-induced coupling mechanism that allows for the
observation of the quantum beating in the b0 valence state cannot
be determined from the experimental observations alone. In the
energy range accessible by the NIR pulse, dark states of both Rydberg and valence character have been found [38]. Of particular
interest is an avoided crossing between the a00 1R+g Rydberg and
1 +
Rg(II) valence state, confirmed experimentally by considerable
energetic perturbations of the observed vibrational levels of these
two states [39,40]. The resulting double well potential of the mixed
a00 1R+g Rydberg and 1R+g(II) valence states is the only known bound

N-curve model simulations were performed in order to confirm
the proposed coupling scheme and determine the effects of internuclear distance-dependent coupling to the two wells of the mixed
a00 1R+g Rydberg/valence dark state. The full 12-curve model producing the spectrum in Fig. 2(b) was propagated for 400 fs in order to
capture the long period oscillations. The predicted ATA results versus time delay and vibrational state are shown as the black lines in
Fig. 6(a) for the v = 8–19 vibrational levels in the b0 state. The red
lines show the results from a simplified model that includes only
the ground state, the b0 bright valence state, and the a00 dark state.
The two calculations give very similar results, providing compelling evidence that that the delay-dependent structures of the
b0 absorption lines are a result of NIR-field induced couplings to
the a00 curve. No other dark states in the 12-curve model are
strongly coupled to the b0 state.
While each of the simulated b0 vibrational levels shows similar
frequency components in the Fourier transform, they are revealed
to have very different structure when their time dependent
absorption dynamics are plotted as in Fig. 6. Many of the levels
above v = 14 have a dominant broad, flat-top structure that
appears with a 50 fs period, consistent with the classical oscillation
period of the b0 state predicted by the vibrational spacing. However, some of the levels also have narrow peaked contributions
that also occur every 50 fs. In levels where both types of features
occur, they appear to be out of phase, with the narrow contributions occurring when the broad ones are minimized. The two
out-of-phase contributions can also be seen in the experimental
absorption spectrogram, as shown in Fig. 7 for the b0 v = 15 level
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Fig. 6. Calculated absorption lineouts for selected b0 vibrational levels, v = 8–19. Each lineout has been normalized to its maximum absorbance and shifted vertically by its
vibrational number in the b0 state. (a) The black (solid) lineouts are from the full 12-curve model while red (dotted) lineouts are from a simplified 3-curve model including the
ground, b0 , and a00 states. (b) The purple (dashed) and cyan (solid) lineouts are from 3-curve models where only the inner or outer wells of the a00 state have been included
respectively.
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Fig. 7. (a) Absorption lineouts for the 14.18 eV b0 v = 15 vibrational level. The blue (black) line is the experimental data. The other colors denote different N-curve models. Red
(dotted) is a simplified 3-curve model including the ground, b0 , and a00 states. The purple (dashed) and cyan (grey) lineouts are from 3-curve models where only the inner or
outer wells of the a00 state have been included, respectively. The lines have been shifted and scaled for clarity. (b) The respective Fourier transforms of the lineouts. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(blue line). To match the delay range calculated by theory, only the
first 400 fs of the experimental data are shown, but quantum beating in this level persists for more than a picosecond.
Overall, the observed behavior is due to the internuclear
distance-dependent contributions of the coupling to the a00 dark
state. The N = 3 curve model was modified to include either the
inner (Rydberg-like) or outer (valence-like) part of the a00 state
only. The resulting absorption lineouts are shown in Fig. 6(b), with
the purple corresponding to the inner well and the cyan lineouts
corresponding to the outer well. In general, the outer well is
responsible for the broad temporal features while the inner well
creates the narrow temporal structures. The sum of these two contributions reproduces the N = 3 model, as shown in the full a00 state
computation shown in Fig. 6(a).
These effects are considered in more detail in Fig. 7(a) and (b),
which show the simulated and experimental absorption lineouts
for the b0 v = 15 level and the corresponding Fourier transforms.
Contributions from the inner and outer wells are shown as the purple and cyan lines, respectively, in both panels. The outer well of
the a00 state mainly couples neighboring vibrational levels in the
b0 well, resulting in strong Dv = ±1 and weaker Dv = ±2 quantum
beat frequencies in the absorption spectrum, and creating the
broad structure in the time domain. The inner well can couple
states from Dv = ±1 to ±4 with similar strength, resulting in the
narrow, peaked structure in the time domain.
The difference in which b0 vibrational levels couple through the
dark state wells can be explained by the difference in Franck Condon overlap between each well and the b0 bright state, illustrated
schematically in Fig. 5. The inner turning point of the b0 well lies
at a similar bond length as the minimum of the a00 state inner well.
This results in similarly sized Franck-Condon factors for small and
large Dv transitions in the b0 state through the a00 inner well. In contrast, the outer arms of the blue and cyan potentials are nearly parallel, so the Franck-Condon factors will vary much more with
vibrational level and lead to fewer quantum beat frequencies.
These internuclear distance-dependent differences in coupling
between the wells provide an intuitive mechanism for visualizing
the movement of the b0 state wavepacket through the observed
out-of-phase broad and narrow contributions to the quantum beat
structure.
5.2. Direct measurement of vibrational anharmonicity
The high frequency resolution of the ATA technique provides a
direct measure of the anharmonicity of the b0 potential energy

curve. Different frequencies can be observed from processes that
optically couple different vibrational levels of the b0 state through
either the gain or loss of the same number of vibrational quanta.
This causes two closely spaced peaks in Fourier frequency. A specific example is the quantum beats due to the Dv = ±3 transitions to
the same b0 v = 14 vibrational level at 14.07 eV, illustrated by the
red lines in Fig. 4. Oscillations caused by population transfer from
the higher b0 v = 17 level at 14.30 eV to the b0 v = 14 level occur at a
frequency 10 meV lower than those caused by coupling from the b0
v = 11 level at 13.83 eV due to the anharmonicity of the PEC.
Vibrational anharmonicity is not the only process responsible
for extra peaks in the Fourier spectrum in Fig. 4. Two states of Rydberg character contribute to several low frequency oscillations as
well. The v = 3 level of the c0 state at 13.72 eV is strongly coupled
by the NIR pulse to its neighboring b0 state, the v = 10 level at
13.76 eV, leading to 100 fs oscillations in both states, and also
causing oscillations that are slightly higher in frequency than the
overtone contributions in the b0 v = 11, 12 and 13 levels. The
v = 0 level of the e0 state at 14.39 eV shows significant long period
oscillations as well. It strongly perturbs the vibrational spacing in
the b0 state, resulting in the additional structure in the b0 v = 16–
19 region of the valence state vibrational levels. This Rydbergvalence interaction is a result of homogeneous configuration mixing, which has been studied in these states in nitrogen both theoretically and experimentally through rotational level analysis of
static absorption measurements [27,41,42]. It occurs between Rydberg and valence states of the same symmetry when the energy
levels of the two different curves are close in energy and results
in states that are of mixed electronic character [41]. A nonadiabatic
theoretical analysis found that the v = 0 level of the e0 state is
mostly valence b0 state like in character [42]. Due to this state mixing, these Rydberg state levels behave similarly to the valence state
levels in the time-resolved experiment.
To directly extract the anharmonicity of the b0 potential well
from the time dependent absorption spectrum, a simple peak picking analysis was performed to isolate the frequency components of
the Dv = +1, 2 and 3 transitions in each vibrational spectral line.
These are plotted in Fig. 8. The pronounced deviations of the resulting series emphasize the strong perturbations of the b0 vibrational
level spacing discussed above, which caused these features to be
misidentified as individual fragmentary systems in the early
absorption studies of nitrogen [27–29].
The Dv transitions of an anharmonic oscillator will be linear
with slope 2  Dv  xe xe , where xe xe is the first anharmonic constant [43]. Fitting the least perturbed sections of each positive
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Fig. 8. The measured quantum beating frequencies in each b vibrational state for
the Dv = +1 (blue circles), +2 (green squares), and +3 (maroon diamonds) transitions. The unperturbed portions of the coupling frequencies below v = 17 are fit to
lines. The measured slopes correspond to 2  Dv  xe xe , giving an average xe xe
0
value of 0.85 (±0.03) meV to describe the anharmonicity of the b potential energy
curve in this energy range (see text). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Dv = 1, 2 and 3 transition (illustrated by the solid lines in Fig. 8)
results in xe xe values of 0.855, 0.885, and 0.813 meV, respectively.
The average of these measurements, 0.85 (±0.03) meV, is considerably different from the reported xe xe value of 0.55421 meV
obtained from fitting the entire b0 vibrational manifold from v = 0
to 28 [28]. However, it is quite close to the value that would be
extracted from the frequencies predicted from the known vibrational positions in the smaller v = 10–16 range, where the average
anharmonic constant of these three Dv transitions is 0.89 (±0.05)
meV.
Besides the obvious perturbations in the b0 state vibrational
spacing that limit this analysis for nitrogen, the curvature that
develops for the fundamental transition of the higher b0 vibrational
levels in Fig. 8 suggests that higher order anharmonic terms are
necessary to completely characterize the vibrational energies
levels and dynamics. Critically, while the current experimental
measurement of xe xe is somewhat limited due to its basis on relatively few vibrational levels, these are exactly the levels that are
most strongly excited by the XUV pulse. Therefore, this local
anharmonicity is what shapes the motion of the nuclear wavepacket excited in the b0 vibrational well.
6. Conclusions
A coherent superposition of bound electronic states in nitrogen
was prepared by an attosecond XUV pulse. The dynamics of the
resulting wavepacket were probed in an ATA measurement, in
which a time delayed NIR pulse modifies the structure of the wavepacket by coupling to neighboring states. Pronounced 50 fs oscillations in the ATA spectra of the bound states of nitrogen are due to
nuclear dynamics in the b0 1R+u valence state. The quantum beats
observed in individual vibrational levels of this state allow the
direct observation of the anharmonicity of this potential well and
provide clear evidence of vibrational levels of mixed valence/Rydberg character. A NIR-induced coupling pathway that leads to the
observation of the quantum beats is proposed and tested using a
many-curve model. This relatively simple model, based on the
Born-Oppenheimer approximation, is found to well reproduce
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the bound state dynamics of the nuclear wavepacket far from the
ionization potential using only 12 electronic states. A simplified
3-curve model is able to highlight the influence of internuclear
distance-dependent coupling in the time dependent absorption
measurements of the b0 1R+u valence state molecular wavepacket.
This experiment in a simple diatomic molecule demonstrates the
possibility of using attosecond transient absorption as a structural
tool to characterize the potential wells of more complicated electronic states of larger molecules through the time-dependent
observation of their electronic and nuclear dynamics.
Using ATA as a spectroscopic technique to obtain electronic
structure in this manner builds on a long history of the study of
bound state vibrational wavepackets in molecules, in which femtosecond pulses in the ultraviolet, visible, and infrared allow access
to low-lying excited states [44,45]. Especially in congested or perturbed spectral regions, the successes of time-resolved techniques
over high resolution static spectroscopy lie in their abilities to separate rotational and vibrational dynamics due to their differing
timescales and observe dynamics in an additional frequency
domain [46–48]. ATA spectroscopy can be used to extend this multidimensional treatment into the XUV regime [49], where the high
time resolution of the technique allows ultrafast electronic dynamics to be separated from slower nuclear dynamics.
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