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Tracing few-femtosecond photodissociation dynamics on molecular oxygen with a single-color
pump-probe scheme in the VUV
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Molecular wave-packet dynamics in oxygen are studied in the time domain, using a single-color VUV-
pump–VUV-probe scheme. 17-fs VUV pulses, centered at 161 nm are generated via high-order harmonic
generation driven by an intense 800-nm pulse leading to VUV pulse energies that reach 1.1 μJ per pulse. An
all-reflective interferometric pump-probe scheme is used for studying the delay dependence of the molecular
oxygen ion signal with simultaneous nonresonant photoionization of krypton as a precise timing-reference.
Access to the excited dissociative state lifetime is provided by the resulting delay-dependent O2

+ signal,
ultimately limited by the molecular ionization window. The ability to use a two-photon VUV probe provides
the delay-dependent detection of O+ as an additional observable, extending the dissociation observation
window.

DOI: 10.1103/PhysRevA.94.033411

I. INTRODUCTION

On the basis of its significance for many photochemical
processes in nature, molecular oxygen has been the subject of
several studies in the past decades. The absorption exhibited
both in the ultraviolet (UV) and the vacuum ultraviolet (VUV)
spectral range leads to attenuation of solar radiation and most
importantly the formation of the ozone layer in the stratosphere
[1]. Neutral and ionic states have been well investigated
by spectroscopy (e.g, Refs. [2–4]), delay-dependent disso-
ciative photoionization [5], and theoretical calulations (e.g,
Refs. [6–9]).

The excitation of O2 in the vicinity of 160 nm leads to the
first fully allowed transition in the so-called Schumann-Runge
continuum, ultimately resulting in molecular dissociation.
Still, the temporal progress of the reaction in the considered
dissociation channel is the subject of an ongoing discussion
[10–12]. Most studies so far have used continuous-wave
VUV sources or multiphoton excitation schemes with visible
laser pulses, while single-photon experiments on the relevant
femtosecond time scale are rare. Farmanara et al. [10] directly
observed a decay of the O2

+ signal in a 155-nm-pump,
258-nm-probe scheme and reported a time constant of
(40 ± 20) fs. The quoted error originates from a probe
pulse duration of 350 fs, significantly longer than the ex-
tracted time constant. Peralta Conde et al. [12], using a
160-nm-pump, 160-nm-probe scheme, concluded a time con-
stant conceivably shorter than that which could be accessed
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with the 27-fs pulses used. Regarding the earlier investigations
[10] they noted that due to a longer probe wavelength different
states were reached, changing the ionization detection window.
In a recent study, Thrushin et al. [11] measured a decay time of
4.3 fs extracted from the O2

+ signal, upon pumping with 10-fs
pulses at 160 nm and probing the ionic state with multiphoton
absorption at 810 nm. The reported value was interpreted as the
time until an internuclear distance on the molecular potential is
reached from where more than four to five photons are needed
for ionization.

In the present work an intense 5th harmonic source [13]
enables sensitive multiphoton pump-probe experiments in the
VUV. We report on a VUV-pump–VUV-probe experiment
on molecular oxygen with intense and well-characterized
sub-20-fs pulses. A Michelson-type all-reflective autocorre-
lation scheme prevents deterioration of the spectrotemporal
properties of the VUV pulses, generated as the 5th harmonic
of an 800-nm laser pulse. The single-color approach avoids
strong-field ionization, which may considerably influence the
molecular potentials (see, e.g, the review [14]) and even
modify the reaction kinematics. While in previous studies on
molecular oxygen, intrinsic constraints like the limiting ioniza-
tion window prevented mapping of the complete dissociation
process, we are able to extend the ionization window and
follow the reaction for longer bond lengths using the O+ ion as
an additional observable with a one-photon pump, two-photon
probe scheme.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. Briefly, 5th har-
monic pulses from a 13.5 mJ, 40-fs chirped pulse amplification
(CPA) Ti:sapphire laser system with a central wavelength of
800 nm and a repetition rate of 25 Hz are utilized (see Ref. [13]
for a detailed description). The high-order harmonic genera-
tion setup provides sub-20-fs pulses centered at 161 nm and
pulse energies up to 1.1 μJ, measured with a calibrated XUV
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FIG. 1. Michelson-type all-reflective interferometric autocorre-
lator for single-color pump-probe measurements: τ , optical de-
lay; M1, dielectric multilayer mirror for 160 nm; M2, focusing
dielectric multilayer mirror; TOFMS, imaging time-of-flight mass
spectrometer; SFS, spatial filtering slit for 0th diffraction order; PMT,
photomultiplier tube.

photodiode. A combination of a Si reflector at Brewster’s angle
for 800 nm and dedicated dielectric stack mirrors optimized
for 160 nm (Layertec GmbH, R160 nm±4 nm > 0.9) spectrally
purify the 5th harmonic from the fundamental and harmonic
radiation. A delayed pulse pair is created using a double-comb
Si mirror, acting as an all-reflective Michelson-type interfer-
ometer (details are presented in Ref. [15]), and is focused
collinearly into a gas target. Ions created in the interaction
region are detected with an imaging ion time-of-flight (TOF)
spectrometer. A slit in front of a photomultiplier spatially filters
the 0th diffraction order created by the gratinglike structure of
the double-comb Si mirror and allows recording the delay-
dependent signal for multiple-ion species simultaneously. The
sampling corresponds to a delay step of 45 as.

III. RESULTS AND DISCUSSION

A. Interferometric autocorrelation

Kr gas coexpanded with the molecular O2 target serves
as a precise temporal monitor for the VUV pulses. The
measurement of the delay dependence of the Kr+ ion signal
originating from nonresonant two-photon absorption provides
the second-order fringe-resolved interferometric autocorrela-
tion (FRIAC) of the 5th harmonic pulse as shown in Fig. 2.
The resulting signal IFRIAC(τ ) consists of three main terms
depicting the intensity autocorrelation function (IAC) of the
pulse and two interferometric terms, one oscillating with the
fundamental pulse carrier frequency ω and a second oscillating
with 2ω, respectively. It is analytically given by the following
expression (see details in Ref. [16]):

IFRIAC(τ ) = Const + 2FIAC(τ ) + 2Re[F1(τ )exp(−iωτ )]

+ Re[F2(τ )exp(−2iωτ )], (1)

where τ is the optical delay and Fn(τ ) are the composed
correlation terms. The FRIAC’s Fourier transform in the inset
of Fig. 2 provides spectral information of the 5th harmonic
pulse and shows the expected 5ωL (=ω) and 10ωL (=2ω)
components in relation to the driving laser frequency ωL. A
detailed analysis of the FRIAC trace, supported by a favorable
signal-to-noise ratio, reveals only a minor chirp of the VUV
pulses [15]. The measured trace reaches almost a contrast
of 1 :8, which is in excellent agreement with the theoretical
prediction [16]. The 5th harmonic pulse duration is extracted
by applying a low-pass filter that retains only the slowly

FIG. 2. Measured FRIAC utilizing nonresonant two-photon ion-
ization of Kr. Spectral information about the pulse is given by the
Fourier transform shown in the inset. The oscillating 5ω0 and 10ω0

components are visible. A pulse duration of τp = (17.0 ± 1.0) fs is
obtained, assuming a Gaussian temporal profile.

varying envelope of the IAC function [Eq. (1)] and corresponds
to (17.0 ± 1.0) fs. Assuming a Gaussian pulse temporal profile
with a conversion factor of

√
2 delivers the second-order

nonlinearity. This measurement, obtained in parallel with
the pump-probe measurement described below, corresponds
to the instrument response function, which in this case is
represented by the second-order intensity autocorrelation,
reflecting the experimental temporal resolution that is achieved
with the current experimental setup. The accurate experimental
determination of the instrument response function, paired
with valid assumptions about the system’s temporal response
function, enables deconvolution of the intrinsic molecular
dynamics time constants, when the temporal resolution is
comparable or even slightly longer than the dynamics of
interest.

B. O2 dissociation dynamics: VUV pump-probe experiment

The delay-dependent O2
+ ion signal generated by two-

photon absorption is used as the main observable for the pump-
probe experiment as mentioned above. The photodissociation
is initiated with the absorption of a VUV photon, exciting
molecular oxygen approximately 0.6 eV above the dissociation
limit in the B 3�−

u state. Upon excitation, the molecule
dissociates to neutral oxygen atoms O(3P) + O(1D) [2]. Note
that predissociation from this state via coupled continuum
states can be neglected as it has been shown previously by
Lin et al. [17]. A delayed replica of the pump pulse provides
the necessary temporal resolution for probing the dissociation
dynamics by promoting a further transition to the X 2�g ionic
ground state of O2

+. With this state being reached with a single
photon, we are able to avoid the use of a strong multiphoton
IR probe transition and its associated complications as pointed
out in Refs. [11,14,18], at comparably low intensities (≈3 ×
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FIG. 3. Pump-probe scheme with relevant potential energy curves
for O2 and O2

+ from Refs. [2,8]. (a) Time-dependent two-photon
ionization via the B 3�−

u state. The ionization window reached after a
internuclear distance of 1.43 Å is shown in gray. (b) Delay-dependent
three-photon absorption. The utilized intense VUV pulse allows a
two-photon probe transition, leading to the generation of O+ ions and
extending the molecular dissociation observation window.

1012 W/cm2). The delay-dependent O2
+ ion signal provides

information on the wave-packet dynamics associated with
the molecular dissociation. However, although dissociation
is expected to be complete in some tens of femtoseconds,
the observation of the molecular wave packet in the two-
photon ionization scheme is limited by the temporally shorter
ionization window indicated in Fig. 3(a). According to the
potential energy curves used in Fig. 3(a), this time window
closes at a maximum bond length of 1.43 Å. Beyond this
distance ionization with one photon is no longer possible from
the B 3�−

u state.
Figure 4 presents the low-pass-filtered time-dependent

pump-probe signal for the O2
+ ion together with the instrument

FIG. 4. Low-pass filtered O2
+ ion signal extracted from the

interferometric measurement shown in the inset. A fit of the
simultaneously measured IAC is shown in red and the fit including
the finite ionization window for the O2

+ signal is shown in blue.

response function simultaneously measured by Kr+ IAC.
Modeling with a fit to a convolution between a Gaussian
pulse, corresponding to the instrument response function, and a
symmetric exponential decay, corresponding to the molecular
response function, yields a statistically significant broadening
of the O2

+ trace in comparison with the Kr+ IAC. The routine
has been proven in Ref. [19] and the perturbative approach is
valid as long as there is no contribution of nonradiative coupled
decay channels, which is valid in this case [17]. The fit of the
ionic state population results in an exponential time constant
of (5.6 ± 1.6) fs.

For the interpretation of the observed time constant we
compute classical trajectories, based on energy conservation
of the motion of the nuclei. The calculation, also consulted
in Ref. [11], allows an estimation of the time it takes for the
system to reach a specified internuclear distance. Following
the same analysis as in Ref. [20] the distance as a function of
time upon excitation is given by

R(t) = R0 +
∫ t

0

(
2

μ
{E(t=0) − V [R(t)]}

)− 1
2

dt, (2)

where V [R(t)] is the molecular state potential (extracted
from Ref. [2]), E(t=0) the initial energy, μ the reduced mass,
and R0 the corresponding internuclear distance. It has to be
emphasized that the result of these calculations can only be an
estimation, since accurate knowledge of the molecular state
potential and the particular pump-probe excitation scheme
plays a crucial role. Solving the above Eq. (2) yields a time
of 5.3 fs until the ionization window closes at an internuclear
distance of 1.43 Å.

Experimental and calculated values are in excellent agree-
ment. Thus, we interpret the observed decay time as the
time until the nuclei reach a distance of more than 1.43 Å
from where the transition to the X 2�g state is no longer
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FIG. 5. (a) Low-pass filtered O+ ion signal extracted from the
interferometric measurement shown in the inset. The third-order
instrument response function is shown in red and the decay fit of
the O+ signal is shown in yellow. (b) O+ frequency-domain pump-
probe ion signal obtained via Fourier transform of a high-resolution
interferometric scan.

accessible with a single 7.7-eV photon and the ionization
probability drops dramatically. This observation is compatible
with the results presented in Ref. [12] where no pump-probe
signal broadening has been observed owing to a longer
VUV pulse. Our results are also in agreement with those
in Ref. [11], where a slightly shorter time constant was
measured, due to a different probing scheme with strong-field
multiphoton ionization in the infrared. By following a weak-
field approach we experimentally determined the duration of
the ionization window associated with a photon energy of
7.7 eV.

The available energetic VUV pulses allow the generation
of O+ ions after three-photon absorption. Taking advantage
of this fact we additionally utilize a multiphoton pump-probe
scheme by recording the delay dependence of the O+ ion
signal. Figure 5(a) shows the recorded O+ ion signal exhibiting
a distinct broadening in comparison with the third-order in-
strument response function, deduced from the experimentally
determined Kr+ IAC. The peak-to-background ratio is less
than the theoretically expected 1:32 and 1:10 for the interfer-
ometric and the low-pass-filtered trace, respectively, which is
here mainly attributed to imperfectly balanced interferometer
branches and a lower signal-to-noise ratio obtained with the O+
ion signal. The Fourier transform of the interferometric O+ ion
signal scanned with high resolution [Fig. 5(b)] reveals a 15ωL

frequency component in line with a three-photon (3 × 5ωL)
excitation scheme [16]. The absence of further spectral com-
ponents also excludes the participation of harmonics besides
the 5th order. O+ ions can result after two-photon absorption
in the B 3�−

u molecular oxygen state (1+2 photons) or after
one-photon absorption in the X 2�g state (2+1 photons). The
latter process would probe a molecular wave packet in the
bound X 2�g state and would, consequently, create a temporal
revival pattern in the signal when the wave packet leaves
the ionization window at short internuclear distances. The
absence of such periodically appearing features in the observed
delay dependence rather identifies a two-photon absorption
in the B 3�−

u molecular oxygen state as the origin of the
O+ signal.

Following the same analysis as in the previous paragraph
an exponential decay with a time constant of (13.4 ± 1.8) fs
can be deconvoluted using the third-order instrument response
function. Using again Eq. (2), the experimentally determined
time constant corresponds to an internuclear distance of
1.95 Å, according to the same classical trajectory calcu-
lation as described above. The energy region accessed by
the two-photon probe contains a large number of bound
and repulsive states, which converge to the three different
dissociation limits shown in Fig. 3(b), considering the selection
rules for a two-photon absorption process starting from the
excited B 3�−

u molecular state. The excitation is resonant with
four of them for zero delay and the delay-dependent signal
indicates that the ionization probability is mainly influenced
by these higher excited ionic states. This additional observable,
enabled by a multiphoton VUV probe transition, allows us to
follow the dissociation dynamics for a considerably longer
bond length as compared to previous studies [10–12]. The
present results are in accordance with classical trajectory
simulations, while excluding an ultrafast dissociation process
as suggested by using a single VUV photon probe. In addition
we experimentally verify that the choice of an appropriate
probe transition is necessary in order to be able to follow
the molecular dynamics, while avoiding perturbations by the
measuring scheme.

IV. CONCLUSION

The photodissociation dynamics of molecular oxygen in
the B 3�−

u state have been studied by recording the delay-
dependent O2

+ and O+ ion yield with a two- and three-photon
VUV interferometric pump-probe scheme. A VUV-pump–
VUV-probe experiment utilizing a short, energetic pulse at
161 nm yields a delay-dependent O2

+ ion signal resulting in
an extracted time constant of (5.6 ± 1.6) fs, modeled using
a symmetric exponential decay function. This value is in
excellent agreement with classical trajectory calculations. The
availability of energetic sub-20-fs VUV pulses enables us to
extend multiphoton time-resolved spectroscopy in the VUV,
utilizing a two-photon VUV probe that does not influence the
system under study, contrary to pump-probe schemes using a
multiphoton IR probe. The VUV pulses used in this experiment
are sufficiently intense to alternatively permit a two-photon
VUV-probe transition. In this case the time dependence of
the O+ ions generated by the two-photon VUV probe can
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be used to extend the molecular dissociation observation.
The observed transient with a exponential time constant of
(13.4 ± 1.8) fs indicates that the time-dependent ionization
probability relevant for the interpretation of the pump-probe
experiment is mainly influenced by the final excited ionic
states.
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[18] A. González-Castrillo, A. Palacios, H. Bachau, and F. Martı́n,
Phys. Rev. Lett. 108, 063009 (2012).

[19] S. Pedersen and A. H. Zewail, Mol. Phys. 89, 1455 (1996).
[20] A. H. Zewail, Faraday Discuss. Chem. Soc. 91, 207 (1991).

033411-5

http://dx.doi.org/10.1021/ar980012d
http://dx.doi.org/10.1021/ar980012d
http://dx.doi.org/10.1021/ar980012d
http://dx.doi.org/10.1021/ar980012d
http://dx.doi.org/10.1063/1.3253101
http://dx.doi.org/10.1063/1.3253101
http://dx.doi.org/10.1063/1.3253101
http://dx.doi.org/10.1063/1.3253101
http://dx.doi.org/10.1063/1.476031
http://dx.doi.org/10.1063/1.476031
http://dx.doi.org/10.1063/1.476031
http://dx.doi.org/10.1063/1.476031
http://dx.doi.org/10.1103/PhysRevA.91.043415
http://dx.doi.org/10.1103/PhysRevA.91.043415
http://dx.doi.org/10.1103/PhysRevA.91.043415
http://dx.doi.org/10.1103/PhysRevA.91.043415
http://dx.doi.org/10.1063/1.432433
http://dx.doi.org/10.1063/1.432433
http://dx.doi.org/10.1063/1.432433
http://dx.doi.org/10.1063/1.432433
http://dx.doi.org/10.1063/1.434764
http://dx.doi.org/10.1063/1.434764
http://dx.doi.org/10.1063/1.434764
http://dx.doi.org/10.1063/1.434764
http://dx.doi.org/10.1080/00268978200101591
http://dx.doi.org/10.1080/00268978200101591
http://dx.doi.org/10.1080/00268978200101591
http://dx.doi.org/10.1080/00268978200101591
http://dx.doi.org/10.1063/1.1834565
http://dx.doi.org/10.1063/1.1834565
http://dx.doi.org/10.1063/1.1834565
http://dx.doi.org/10.1063/1.1834565
http://dx.doi.org/10.1063/1.479932
http://dx.doi.org/10.1063/1.479932
http://dx.doi.org/10.1063/1.479932
http://dx.doi.org/10.1063/1.479932
http://dx.doi.org/10.1088/0953-4075/44/16/165602
http://dx.doi.org/10.1088/0953-4075/44/16/165602
http://dx.doi.org/10.1088/0953-4075/44/16/165602
http://dx.doi.org/10.1088/0953-4075/44/16/165602
http://dx.doi.org/10.1103/PhysRevA.79.061405
http://dx.doi.org/10.1103/PhysRevA.79.061405
http://dx.doi.org/10.1103/PhysRevA.79.061405
http://dx.doi.org/10.1103/PhysRevA.79.061405
http://dx.doi.org/10.1364/OL.40.001675
http://dx.doi.org/10.1364/OL.40.001675
http://dx.doi.org/10.1364/OL.40.001675
http://dx.doi.org/10.1364/OL.40.001675
http://dx.doi.org/10.1088/0034-4885/67/5/R01
http://dx.doi.org/10.1088/0034-4885/67/5/R01
http://dx.doi.org/10.1088/0034-4885/67/5/R01
http://dx.doi.org/10.1088/0034-4885/67/5/R01
http://dx.doi.org/10.1088/1367-2630/16/7/073047
http://dx.doi.org/10.1088/1367-2630/16/7/073047
http://dx.doi.org/10.1088/1367-2630/16/7/073047
http://dx.doi.org/10.1088/1367-2630/16/7/073047
http://dx.doi.org/10.1063/1.476751
http://dx.doi.org/10.1063/1.476751
http://dx.doi.org/10.1063/1.476751
http://dx.doi.org/10.1063/1.476751
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1080/00268979609482552
http://dx.doi.org/10.1080/00268979609482552
http://dx.doi.org/10.1080/00268979609482552
http://dx.doi.org/10.1080/00268979609482552
http://dx.doi.org/10.1039/dc9919100207
http://dx.doi.org/10.1039/dc9919100207
http://dx.doi.org/10.1039/dc9919100207
http://dx.doi.org/10.1039/dc9919100207



