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Photoionization of oxygen molecules by high-order harmonics was investigated. High-order har-
monics of a Ti:sapphire laser produced in a Kr gas cell were used to excite autoionization states
of O2. Since the high-order harmonic source used contains several harmonic orders, the resulting
photoelectron spectrum also showed multiple peaks coming from different orders of harmonics. A
subtraction method using known photoionization cross-sections was employed to separate out in-
dividual contributions from the harmonics. The photoelectron spectrum from the 11th harmonic
shows a clean contribution from an autoionizing state.
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I. INTRODUCTION

Photoionization of O2 has been extensively investi-
gated for the last few decades by using synchrotron ra-
diation and other more conventional light sources like
discharge tubes [1–7]. These experiments have involved
total ionization cross-sections using ion mass spectrome-
try and partial ionization cross-sections using photoelec-
tron spectroscopy. The ionization of O2 yields several
electronic states of the O+

2 ion, depending on the pho-
ton energy [8]. The ionization continuum of O2, like any
other molecule, shows a large number of discrete states
[9]. These states, also called autoionizing states, are neu-
tral excited states lying above the first ionization limit
and have finite lifetimes before they decay through elec-
tron ejection. Thus, a final positive ionic state may be
accessed through direct ionization or indirect ionization
through a two-step process. In this two-step process, the
first step involves excitation of the autoionizing state,
and in the second step, this state decays producing an
electron and a final positive ionic state. Some of these au-
toionizing states have been studied using photoelectron
spectroscopy. The most notable one of them has been the
autoionizing state located at about 73.5 nm, which could
be accessed by one of the Ne I emission lines and which
shows rather spectacular changes in the vibrational in-
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tensity pattern in the formation of the O+
2 X2Πg ground

state, as compared to direct ionization [10].
The availability of ultrafast and coherent extreme ul-

tra violet (XUV) radiation produced by high-order har-
monic generation (HHG) has given a new impetus to
the study of the photoionization of atoms and molecules.
One of the great advantages of XUV radiation obtained
from HHG is that its pulse width can reach a few hun-
dred attoseconds. Therefore, it is an ideal tool to study
the ultra fast electron dynamics in atoms and molecules.
Furthermore, the photon energy of the harmonics can be
adjusted within a certain range. Use of coherent XUV ra-
diation for probing electron dynamics in atoms has been
demonstrated in recent times [11,12]. However, similar
experiments on molecules are yet to be done. In this con-
text, we have initiated the use of short, pulsed, coherent
XUV to investigate the ionization of molecules. In this
paper, we present the results of our work in obtaining the
photoelectron spectra of O2 by using several harmonics
and the identification of the autoionizing contribution at
a particular harmonic.

II. EXPERIMENTS AND DISCUSSION

HHG is generally carried out by focusing a short-
pulsed laser beam into a rare gas cell. The HHG may
be well explained by using a semi-classical model. An
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electron tunnels out through the atomic potential well,
which is modulated severely by the strong laser field.
The ionized electron is then accelerated by the intense
laser field, and it returns to the atomic core as the laser
field is reversed in the next half cycle. A photon of en-
ergy equal to the sum of the kinetic energy of the electron
and the ionization potential of the atom is emitted as the
electron is recombined with the atomic core. Since this
procedure is repeated, but in the other direction, at ev-
ery half cycle of the laser pulse, constructive interference
occurs only for odd harmonics of the fundamental laser
pulse. The resulting harmonics consist of odd harmon-
ics of the fundamental laser. Very high-order harmonics
have been produced by this technique, reaching all the
way up to the soft X-ray region [13]. These are suit-
able to ionize atoms and molecules. For example, the
9th harmonic of the Ti:sapphire laser has an energy of
13.5 eV and is enough to ionize O2 molecules. Since the
electron path is determined by the electric field of the
fundamental laser, the recombined electron energy can
change if the laser wavelength changes. Since we use a
Ti:sapphire laser system using a chirped pulse amplifi-
cation technique, there are a pair of gratings after the
amplifier. The chirp of the laser can be controlled by
adjusting the distance between the two gratings. For
example, the laser pulses are positively chirped if we de-
crease the grating distance. In this case, the frequency of
the beginning part of the laser pulse is lower than that of
the tail. Since high-order harmonics are generated at the
beginning of the laser pulse because of the ionization, the
energy of each harmonic can be changed within a certain
range by changing the chirp of the laser. This fine tun-
ability using the chirp of the fundamental frequency is
used to optimize the transition to an autoionizing state
in our experiment. Like in the case of electronic excita-
tion, ionization is also governed in molecules by the Born-
Oppenheimer approximation leading to Franck-Condon
rule for transitions. Thus, all the vibrational levels of the
positive molecular ionic states that have nonzero overlap
with the initial vibrational level of the neutral molecule
are populated during photoionization, with the intensity
distribution depending on the magnitude of the over-
lap. Thus, the photoelectron spectra resulting from di-
rect ionization give vibrational populations in each of the
electronic states, which are within the available energy,
according to the Frank-Condon rule. During the early
days of photoelectron spectroscopy, a deviation from this
was observed at certain photon wavelengths for a given
molecule. Soon this was realized as being due to excita-
tion of autoionizing states lying in the continuum. If the
autoionizing state has a lifetime that is larger than vi-
brational motion, the excited molecule will have changed
its internuclear separation before the electron is ejected.
The resulting vibrational level intensities seen in the pho-
toelectron spectra will then correspond to the Franck-
Condon overlap of the autoionizing state with those of
the positive ion states of the molecule at the time of
electron ejection. This will lead to a different intensity

Fig. 1. Schematic of the experimental setup.

distribution in the photoelectron spectra than that ob-
tained by direct ionization [10].

The schematic of our experimental setup is shown in
Fig.1. A 1-kHz 6-mJ 25-fs 800-nm Ti:sapphire laser
beam is used to generate XUV radiation. The laser beam
size is adjusted with an 8-mm hard aperture, and the
central part of the beam is blocked with an optical ob-
stacle. Therefore, the spatial beam pattern is annular
so that we can spatially filter out the laser beam with
a hard aperture after the harmonic generation. The an-
nular beam is focused into a Kr-filled gas cell for the
harmonic generation. The laser pulse energy used for
harmonic generation is 0.8 mJ. The gas cell is specially
designed as shown in Fig. 1 to reduce the gas leakage
into the main vacuum chamber. The gas target consists
of 3 cells. The first and the third cells are 8-mm-thick,
and they are directly connected to a scroll pump for the
differential pumping between the second gas cell and the
main vacuum chamber. The target gas, krypton, is put
into the central gas cell so that we can increase the gas
pressure of the cell without much load on the turbo pump
connected to the main vacuum chamber. The pressure
of the target gas is controlled by using a flow controller
which has a feedback loop. After that, it is controlled
by using a needle valve again. Therefore, the pressure of
the harmonic target can be maintained constant for sev-
eral hours. The XUV radiation generated in the second
gas cell is re-focused by using a gold-coated toroidal fo-
cusing mirror into an ultra-high-vacuum chamber, such
that it intersects an effusive molecular beam of O2 at
the focal spot. The effusive beam is produced by using
a capillary and is skimmed and differentially pumped to
obtain a well-defined molecular beam. A 1-m-long mag-
netic bottle time-of-flight spectrometer is used to analyze
the photoelectron energy. The electrons are detected by
using a pair of microchannel plates of 40 mm in diameter
in a chevron configuration. After suitable amplification,
the data is collected in a storage digital oscilloscope with
a timing bin resolution of 0.5 ns.

The photoelectron spectrometer is energy calibrated
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Fig. 2. Photoelectron spectrum of Xe obtained using har-
monics ranging from 11th to 21th. Each of the harmonics
gives rise to two peaks corresponding to the 2P3/2 and the
2P1/2 states of Xe+.

Fig. 3. Photoelectron spectrum of O2 using harmonic
ranging from 9th to 21st. In (a) Ψtot(ω) is shown as a solid
line, and Ψ21(ω) is shown as a dotted line. The photoelec-
tron spectra Ψn(ω) subtracted from Ψtot(ω) are shown (b)
and (c), as described in text.

using photoelectron spectra from Xe obtained using the

Fig. 4. Synthesized photoelectron spectrum of O2 obtained
with 58.4 nm radiation. The four bunches of vibrational levels
correspond to five different electronic states, a shown in the
figure, of O+

2 formed by the photoionization process [2].

high-order harmonics from the 11th to the 21st as shown
in Fig. 2. The constant separation between the 2P3/2

and the 2P1/2 peaks from Xe is used for this purpose as
the calibrating scale. The energy resolution, E, of the
electron spectrometer as a function of the electron en-
ergy can also be obtained by measuring the full width
at half maximum of the peaks in the spectra. The pho-
toelectron spectrum of O2 obtained with the harmonics
in the XUV region is shown in Fig. 3 as a function of
the electron energy under similar conditions, but for a
change in the target gas from Xe to O2. The spectrum
is seen to be a mixture of a large number of photoelec-
tron bands from the several harmonics present in the
XUV beam. From the ionization potential of O2 and the
largest photoelectron peak of reasonable intensity seen
in the data, harmonics as high as the 21st contribute to
the spectrum. We also note that the lowest harmonic
energetic enough to ionize O2 is the 9th.

It appears to be a very complex task to analyze the
above spectrum and to separate out the contribution due
to each harmonic, considering that each of the harmon-
ics can give rise to at least four dominant vibrational
sequences corresponding to the five electronic states of
O+

2 that will be formed in the ionization process over
most of the photon energy range under consideration.
For the purpose of clarity, we present in Fig. 4 a synthe-
sized photoelectron spectra corresponding to the photon
energy of 58.4 nm, which is available in the literature.
At higher energies, for example at 30 nm, four more
states can enter the picture. However, their contribu-
tions are relatively weak in the photon energy range we
are interested in, as can be seen from the cross-section
summed over all vibrational levels for the formation of
each of the electronic states (known as the partial pho-
toionization cross-section) as a function of the photon
energy given in Fig. 5. However, the seemingly diffi-
cult task has been accomplished by using a systematic
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Fig. 5. Partial photoionization cross-sections for O2 as a
function of wavelength (from [1]). They are shown as squares
(X2Πg), circles (a4Πu + A2Πu), triangles (b4Σ−g ), inverted
triangles (B4Σ−g ), diamonds (2Πu), triangle directed to the
left (c4Σ−u ), triangles directed to the right (2Σ−u ), and pen-
tagons (2,4Σ−g ). The harmonic wavelengths from the 11th
(extreme right) to the 27th are shown as stars.

subtraction of the individual harmonics, starting from
the highest, from the total spectrum. The measured to-
tal photoelectron spectrum, Ψtot(ω), is the sum of the
photoelectron spectra, Ψn(ω). Here, Ψn(ω) is the pho-
toelectron spectrum ionized by the nth harmonic. In or-
der to calculate Ψn(ω), we make use of the spectrometer
energy resolution obtained from Fig. 2, the photoelec-
tron spectrum given in Fig. 4, and the partial ionization
cross-sections given in Fig. 5. To start with, we consider
the 21st harmonic. The highest energy peak of Ψ21(ω)
would be that due to the X2Πg state of O+

2 . Thus, the
highest energy peak in Ψtot(ω) would be entirely due to
this state. These data are then used to generate the con-
tribution due to the four higher-lying states of O+

2 by
using the partial ionization cross-section data given in
Fig. 5 and the photoelectron band intensity distribution
given in Fig. 3(a) after it is convoluted with the energy
resolution function of the spectrometer. This resolution
function is taken to be Gaussian with the half width de-
termined from the Xe data given in Fig. 2. The total
photoelectron spectrum Ψn(ω) and the calculated pho-
toelectron spectrum Ψ21(ω) are shown in Fig. 3(a). The
Ψ21(ω) is then subtracted from Ψtot(ω). The remaining
spectrum corresponds to contributions up to the 19th
harmonic. This process is then repeated till we are left
with contributions from the 9th and the 11th harmon-
ics only, as shown in Figs. 3(b) and (c). These data are
given in Fig. 6, which clearly show the contribution from
the autoionizing state excited by the 11th harmonic.

Direct ionization is known to yield the five vibrational
levels between 4 and 5 eV, as shown in the spectrum
taken from the literature. All the vibrational levels seen
between 2 and 4 eV are populated through autoioniza-

Fig. 6. Comparison of the autoionization and the direct
ionization spectra of O2. The region between 2 eV to 5 eV
covers the vibrational bands due to the ground state of O+

2

(X2Πg) produced by the 11th harmonic. The electron spec-
trum resulting from direct ionization, taken from literature,
is also given for comparison. The contribution due to the au-
toionization can clearly be seen in the energy range between
2 eV and 4 eV.

Fig. 7. Chirp dependence of the Xe photoelectron spec-
trum. The photoelectron spectra are shown as dashed, solid,
and dotted lines for –35 fs, 25 fs, and +35 fs, respectively.
The sign in front of the pulsewidth is the sign of the chirp.

tion, as have been observed before [10].
We also investigated the effect of chirp on the photo-

electron spectra. To begin with, the photoelectron spec-
tra of Xe are taken under different conditions of chirp.
These are shown in Fig. 7. The energy shift in the pho-
toelectron spectrum as a function of chirp can be clearly
seen in the figure. It is also noticed that the spectral en-
ergy width is larger in the case of positive chirp as com-
pared to the other two, as manifested in the width of the
peaks. Similar data obtained for O2 are shown in Fig. 8.
The noticeable feature in the figure is the smoothening
of the vibrational intensity distribution (dotted line) in
the autoionized part of the spectrum when the chirp is
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Fig. 8. Chirp dependence of the O2 photoelectron spec-
trum. The autoionization peaks from 2 eV to 4 eV are clearly
resolved for the –35-fs and the 25-fs cases.

negative. It is as yet unclear how the chirp conditions
affects the autoionizing state.

III. CONCLUSIONS

In conclusion, we have studied the photoionization of
O2 by using high-order harmonics of a Ti:sapphire laser
produced in a Kr gas cell. The photoelectrons gener-
ated in the process were analyzed using a magnetic bot-
tle time-of-flight spectrometer. The contributions from
different harmonics were separated out by using a sub-
traction procedure that employed the instrumental en-
ergy resolution function and the existing photoionization
data. A clear sign of an autoionizing state was observed
in the ionization by the 11th harmonic. The effect of
the chirp of the fundamental frequency on the ionization
process was also investigated in an effort to fine tune the
XUV energy to match the autoionizing state.
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