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1 CNRS-Université Paris Sud, UMR8624, Laboratoire d’interaction du rayonnement X avec la matière,
Bat. 350, Centre d’Orsay, 91405 Orsay, France
2 Department of Physics, The Ohio State University, Columbus, OH 43210, USA
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Abstract
Photo-double ionization (PDI) of xenon by the Ti:Sapphire laser fundamental frequency
combined to its 19th and 25th harmonics has been studied by means of a momentum imaging
spectrometer. The measurement of the two emitted photoelectrons’ momenta and their energy
and angular correlations gives insight into the various mechanisms leading to PDI. Although
the conditions for non-sequential direct photo-double ionization are fulfilled in the experiment,
it is found that the two-step processes dominate.

(Some figures in this article are in colour only in the electronic version)

Introduction

Photo-double ionization (PDI) of atoms and molecules has
been studied extensively by means of synchrotron radiation,
characterized by ‘long’ light pulses (typically a few tens
of ps) and ‘weak’ electric field (for a recent review, see
[1]). Under these conditions a single high energy photon
is absorbed, and the PDI process is the signature of electronic
correlations as well as the ideal tool to study them in detail.
For simple systems such as helium or molecular hydrogen
momentum imaging experiments have recently provided
detailed knowledge of these correlations, with a considerable
impact on theory.

Other extreme ultraviolet (XUV) sources, such as high
harmonic generation (HHG) driven by femtosecond infrared
lasers or free electron lasers (X-FEL), generate much shorter
and intense pulses, thus opening new perspectives. Recent
theoretical studies [2, 3] have shown that ultra-short pulses
could be used to observe directly the electronic correlations

in the initial state, which can be either the ground state or a
prepared excited state, by measuring the momenta of the two
photoelectrons after PDI. In the proposed schemes, at least
two VUV photons are used to initiate PDI. Another interesting
aspect arises from symmetry conservation rules in the final
state. It was recognized a long time ago that the quantum
numbers L, S, π associated with the electron pair impose severe
restrictions on PDI, such as a node or an anti-node for back-
to-back emission at equal energy sharing. These quantum
numbers depend on both the state of the residual ion and
the number of absorbed photons. Spectacular effects already
observed when changing the symmetry of the residual ion [4]
are also expected by switching from one photon (synchrotron)
to two photon (or multi-photon) PDI experiments.

On the experimental side, PDI studies using HHG or
X-FEL sources are a challenge in themselves. Synchrotron
sources have a very high (MHz) repetition rate but relatively
low numbers of photons per pulse. Thus, the probability of an
ionization event to occur for a given light pulse is usually very
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Figure 1. Schematic view of the experimental set-up.

low. Such a condition, which is necessary for coincidence
techniques to be applicable, is more difficult to achieve with
laser sources, characterized by a much lower (kHz) repetition
rate and much higher photon numbers per pulse. Gas jets
of low density and ultra-high-vacuum conditions are needed.
As a consequence, the number of PDI events which can be
recorded per hour largely drops. On the other hand, it is
known that a very large number of events is necessary to keep
sufficient statistics in the differential analysis of PDI with
respect to the momenta of the two photoelectrons. So far PDI
studies performed with harmonics [5, 6] and X-FEL [7–10]
sources have been restricted to the measurement of doubly
charged ions or of one electron [11, 12].

The goals of the present work are to show that (i)
sufficient statistics can be achieved with 1 kHz sources to
allow a complete analysis of the vector correlations between
the two photoelectrons and (ii) this information can be used to
disentangle the various PDI mechanisms involved in combined
harmonic and infrared laser pulse PDI. The present paper
follows two previous studies of PDI of xenon using HHG
sources. In the first one [11], to be called paper I hereafter, PDI
of xenon by the 25th harmonic of Ti:Sapphire laser radiation
was studied by means of a COLTRIMS reaction microscope,
showing for the first time the feasibility of such an experiment.
In a second study [12], to be called paper II below, the 17th and
21st harmonics were successively superimposed on infrared
Ti:Sapphire pulses and PDI of xenon was studied with the
same apparatus. In both experiments harmonics were selected
by a grating, stretching the XUV pulse width from fs to ps.
Moreover, for the heavy Xe++ ions the recoil ion technique did
not allow us to reach a momentum resolution sufficient for the
analysis of the momentum of the second photoelectron.

In the present experiment, these two limitations have
been removed. Multilayer mirrors have been used to select
harmonics, and a new momentum imaging system allowing the
direct determination of the momenta of the two photoelectrons
has been employed. The paper is organized as follows: in
section 1, we briefly describe the XUV and infrared laser
beam generation, and the momentum imaging spectrometer;

in sections 2–4 we present PDI results obtained with the 25th
harmonic alone, the 19th harmonic and the 25th harmonic
superimposed with infrared laser pulses respectively.

1. Experimental set-up

The scheme of the set-up is shown in figure 1. The new
laser facility PLFA (SLIC, France) delivering 10 mJ pulses at
812 nm, with a width of 35 fs (FWHM) at a 1 kHz repetition
rate, was used. The beam was split into a main (8 mJ) IR1 and
a dressing (2 mJ) IR2 branch. The IR1 beam was focused into
an argon gas cell to generate the XUV harmonics. Thereafter,
passing the beam through an aluminium filter removed low
harmonics and the infrared radiation. The XUV light was
then reflected and filtered by a mirror pair consisting of a
plane and spherical multilayer mirrors designed to reflect the
19th or the 25th harmonic. The spherical mirror focused the
beam through a drilled plane mirror into the spectrometer, to
a spot size of about 100 µm. The reflectivity of the multilayer
mirrors was typically 40% and 20% for the 19th and 25th
harmonics, respectively. In each case, harmonics of a higher
order were almost completely rejected. Adjacent harmonics
of a lower order were observable, but with lower intensities.
The XUV signal was monitored by means of a removable
photomultiplier, and the number of harmonic photons on target
was estimated to be in the range 5 × 105–5 × 106 photons per
pulse.

The IR2 dressing laser pulses were delayed with sub-fs
accuracy with respect to the XUV pulses. The IR2 beam
intensity was adjusted by means of a half-wave plate followed
by a polarizer. The beam was focused with a lens of 1500 mm
focal length (numerical aperture ∼1/60). An annular part of
the IR2 beam was reflected into the spectrometer by the drilled
mirror. IR2 pulse energies typically in the 50–100 µJ range
were used, leading to intensities in the 1012–1013 W cm−2

range in the focal spot of diameter 100–150 µm.
One of the experimental challenges was to optimize and

to monitor the spatial and temporal overlap of the two beams
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(a) (b) (c)

Figure 2. Typical routes to PDI of xenon by the 25th harmonic (a), by the 19th harmonic combined with infrared radiation (b) and by the
25th harmonic combined with infrared radiation (c). Long and short vertical arrows indicate harmonics and infrared photons respectively.
Each non-vertical arrow marks the emission of one electron. Various routes are labelled with letters s (sequential), ns (non-sequential), d
(direct) and i (indirect). Full horizontal line segments mark energy levels of Xe, Xe+ and Xe++. Xe+∗ and Xe+∗∗ indicate excited states
located below and above the Xe++ 3P2 ground state, respectively. Dotted line segments are non-resonant energy levels.

in the spectrometer. A CCD camera imaging the centre of the
spectrometer was used to find the overlap of the IR1 and IR2
beams, after removing the Al filter. The time overlap of the IR1
and IR2 pulses was optimized from their interference in the
target region (spatial interference pattern produced from side
rays in IR2 beam crossing IR1 at a small angle). Mechanical
vibrations lead to a jitter estimated to be a few fs from the
fluctuations of the interference pattern. The multilayer mirrors
and the drilled beam recombination mirror were placed in
vacuum, and controlled by high precision motors. The overlap
of the XUV and IR2 pulses in time was monitored by observing
the side-band peaks in the photoionization spectrum of helium
[13].

The momentum imaging spectrometer, CIEL2, was
optimized for the present experiment. It derives from a
previous one [14] built for synchrotron experiments. Electrons
are detected by a pixel detector similar to that already
described [15]. However, important improvements have been
incorporated. The gas jet is emitted from a 20 µm nozzle and
shaped by two skimmers, with a resulting beam diameter of
1 mm at the point where the jet and the light beams intersect
(located about 12 cm downstream from the nozzle). The
background gas pressure in the vacuum chamber is about 2 ×
10−10 Torr. The central region for the photoelectrons and ions
has a large inner diameter of 16 cm, and the homogeneous
magnetic and electric fields used in the present study were
typically 5 Gauss and 4 V cm−1 respectively. The time of
flight and the position of atomic ions are measured by a stack
of three 40 mm diameter micro-channel plates (MCP) and a
conventional resistive anode encoder. The two electrons are
detected by a stack of two 80 mm diameter MCP followed
by a pixel anode with 64 detection lines along each (x and y)
direction. The readout of this new detector is done by a fast

multi-hit TDC with 128 inputs. Each time-to-digital convertor
(TDC) channel has a time resolution of 100 ps. It is triggered
in the ‘stop’ mode within a time window centred on the time
of flight of doubly charged Xe ions, and it is synchronized
with the light pulses for an accurate determination of the time
of flight of each electron from a PDI event. Thus, single
ionization is discarded and only triple Xe++-electron–electron
coincidence events are recorded, at a rate of typically a few
times 10−1 Hz. The momenta of the two photoelectrons
are accurately determined by deconvoluting their trajectories.
With the spatial and time resolutions indicated above, and the
fields used in the present study, electrons with kinetic energies
in the [0, 6 eV] range can be measured, with typical angular and
energy resolutions �θ ∼ 5◦ and �E/E ∼ 0.15, respectively.

As the MCP stack efficiency is about 40%, the recording
of only one of the two electrons issued from PDI frequently
occurs in the data acquisition. When processing the data
such events are indistinguishable from those with two detected
electrons of nearly equal momenta, which have neighbouring
hits on the detector and almost equal times of flight. Therefore,
very specific events with equal energy sharing (E1 ∼ E2)
and small mutual angle (θ12 ∼ 0) are not reliably identified.
Accordingly in the following, we have chosen to remove events
close to the E1 ∼ E2 lines from the two-dimensional energy
plots and the region of low angles from the angular distribution
histograms.

2. PDI by the 25th harmonic

The measurements reported in paper I with the 25th harmonic
have been repeated with the present set-up. Energy levels and
PDI routes are shown in figure 2(a). The energy of the 25th
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Figure 3. Kinetic energy distribution of photoelectrons from PDI by
the 25th harmonic.

harmonic photons (38.17 eV) is in excess of all Xe++(5p4)
3P2, 3P0,1, 1D and 1S levels. Therefore, direct PDI routes
to all of these states are possible. Moreover, indirect PDI
through Xe+∗∗ states located above the Xe++ ground state is
known to occur from helium lamp measurements [16]. The
kinetic energy distribution of the photoelectrons is presented in
figure 3 and is similar to the observations reported in paper
I. The peaks in the region below 2 eV can be attributed to
Xe+(5p4)1D nd (n = 8, 9) and Xe+(5p4)1S 7d states. They are
superimposed on a plateau due to direct PDI as discussed in
paper I, where angular distributions for various energy regions
of figure 3 were also analysed.

In the present experiment the momentum vectors of
both the two photoelectrons are determined, allowing us
to reconstruct the two-dimensional energy correlation plot
shown in figure 4. This representation, recently used in
synchrotron studies of double Auger decay in xenon [17],
provides detailed information on the various PDI processes.
Energy conservation restricts the possible kinetic energies Ei

(i = 1, 2) of the two photoelectrons to

Etot = E1 + E2 = hν − I ++ (final state),

where hν is the photon energy and I++ is the energy of the
Xe++ final state. Thus, the various Xe++ 5p4 final states
restrict the allowed kinetic energies Ei to lines of constant
E1 + E2 in figure 4. Lines at E1 + E2 = 1.7, 3.5, 7.1 eV
are indicated, to separate the 1D state at Etot = 2.98 eV from
the P0,1,2 states at 3.89, 4.09 and 5.15 eV, respectively. For
a given final state, the density along a constant E1 + E2 line
should consist of a smooth and continuous contribution from
direct PDI routes, with peaks superimposed which correspond
to indirect routes through the various Xe+∗∗ states. The 2D plot
has to be symmetric with respect to reflection at the bisector
of the two energy axes, due to indistinguishability of the two
photoelectrons (E1"E2 permutation). This is indeed verified by
figure 4. Another important information is the signal-to-noise

Figure 4. Two-dimensional energy correlation diagram for PDI by
the 25th harmonic.
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Figure 5. Total energy spectrum for PDI by the 25th harmonic from
equation (1) and figure 4. Vertical lines are located at 1.7, 3.5, 7.1
eV, and total energies for PDI leading to the various Xe++ final states
are indicated by arrows.

ratio in the coincidence mode, which can be estimated to about
20 from region 3 and from the centre of the plot (E1 ∼ E2 ∼
4 eV), where no physical process is present.

Integrating the kinetic energy distribution f (E1, E2) of the
photoelectrons in the 2D plot in figure 4 subject to the condition
E1 + E2 = Etot, the total energy spectrum

ftot(Etot) =
∫ Etot

0
dE1 f (E1, Etot − E1) (1)

can easily be derived, as shown in figure 5, where the
various final Xe++ states which are reached are indicated by
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Figure 6. Angular correlations with respect to the mutual angle θ12 for various processes (various regions of figure 4) in PDI by the 25th
harmonic: (a) region 1 1D final state; (b) region 2 3P final state, direct PDI; (c) region 3, 3P final state, mainly indirect PDI.

arrows. Peaks corresponding to the main final states are clearly
observed, although they are not perfectly resolved. The black
lines at Etot = 1.7, 3.5, 7.1 eV comprise the P and D states.
The final S state which should appear at 0.65 eV is not clearly
observed. However, this is not surprising as this state is known
to be less populated by PDI [16]. The small peak around 8 eV,
observed at the limit of the present statistics, could be due to
traces of the 27th harmonic, with decay to the 3P2 state.

In figure 4, two lines E2 = 0.3 E1 and E1 = 0.3 E2 have
been drawn. They divide the plot into three sections labelled 1
to 3. Intense spots are visible in region 3. They are consistent
with indirect PDI through the already mentioned Xe+(5p4)1D
nd (n = 8, 9) and Xe+(5p4)1S 7d states, with decay to the
final Xe++ 3P2 state. They correspond to the low energy peaks
already present in the kinetic energy distribution spectrum
(figure 3). Indeed, these indirect PDI routes were observed
to be the dominant ones in previous work [16]. In the other
regions (1 and 2) of figure 4, the density is more continuous
and consistent with direct PDI.

Once the map of the various PDI mechanisms has been
established, it is worth studying the angular correlation of the
two emitted electrons. The statistics of the present experiment
does not allow us to reach a fully differential cross section, as in
synchrotron experiments [1], by fixing the energy and direction
of emission of the first electron and plotting the emission
diagram of the second electron in various planes. However,
for each PDI event the angle θ12 enclosed by the momentum
vectors of the two photoelectrons can be calculated, and it
is instructive to look at histograms of this angle over the
whole ensemble of events for the various regions in the 2D
energy plot (figure 4). The results are shown in figure 6,
where θ12 ranges from 0.5 to 3 rad. Histograms have been
weighted by a factor 1/sin θ12, to suppress the solid angle effect
well known in momentum imaging experiments. Therefore,
figure 6 displays the probability distribution in arbitrary units
for the different regions of figure 4 which correspond to
different PDI processes. Note that the statistical error bars
increase towards θ12 = 3 rad, where the solid angle becomes
very small.

For regions 1 and 2 small values of θ12 appear to be very
unlikely, but the probabilities increase towards higher values
of θ12. This can be understood to be the result of the mutual

Coulomb repulsion of the two electrons, which is at work
for the direct PDI mechanism. Approaching θ12 = π , which
corresponds to back-to-back emission of the photoelectrons,
regions 1 and 2 show opposite behaviour. For the D final
state (region 1) the probability rapidly drops to zero, whereas
it increases for the P final state (region 2). These properties
can be understood from symmetry considerations [18]. In the
direct PDI process

hν + Xe → Xe++(5p4) 3Pe
0,1,2 + e + e,

the S and π quantum numbers of the electron pair have
the values 1 and ‘odd’ from spin and parity conservation
respectively. Then, in spectroscopic notation two final states
for the photoelectron pair, namely 3P◦ and 3D◦, are allowed
by conservation rules. For the first one, as (−1)S, (−1)L

and π all have the same sign, back-to-back emission of the
two photoelectrons at equal energy sharing is allowed [18].
Moreover, it is favoured by Coulomb repulsion. Therefore, a
maximum around θ12 = π should be observed. In contrast, in
the direct PDI process

hν + Xe → Xe++(5p4) 1De + e + e,

the parity π is unchanged but now S = 0. Then 1P◦, 1D◦,
1F◦ states of the photoelectron pair are allowed. However,
since (−1)S and π have opposite signs back-to-back emission
at equal energy sharing now is forbidden, resulting in a node
at θ12 = π .

Despite the low statistics, figures 6(a) and (b) appear to
be consistent with these symmetry properties. Regions 1 and
2 of figure 4 which have been selected for figures 6(a) and (b),
respectively, are centred on equal energy sharing, along the
bisector of figure 4, but they also include unbalanced energy
sharing, limited by the lines E2 = 0.3 E1 and E1 = 0.3 E2.
Only strongly asymmetric energy sharing is excluded. Since
the differential cross sections are known to vary slowly with
energy sharing, the nodal properties at exactly equal energy
sharing are expected to extend far into the regime E1 �= E2,
allowing their observation in figures 6(a) and (b).

As discussed above in region 3, indirect routes
(figure 2(a)) contribute to PDI. Since indirect PDI is a two-
step process, electrons from each step are expected to be almost
uncorrelated. Only in very specific situations, the Coulomb
repulsion may play a role through the so-called post-collision
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Figure 7. Dependence of the Xe++ ion yield on the delay of the
infrared with respect to the 19th harmonic. The full line shows a
convoluted step function (see text).

interaction (PCI). Nodal properties related to the symmetry of
the final state have also been observed in two-step processes
[19], but only under conditions which are not met here. Thus,
indirect routes to PDI are expected to give rise to uncorrelated
photoelectrons and therefore flat angular distributions with
respect to θ12. This is well verified by figure 6(c), showing a
high probability for small angles θ12. Only a weak maximum
is noticeable near θ12 = π , which can be explained by the
fact that region 3 also includes some contribution from direct
PDI to the Xe++P final state, superimposed on the indirect
processes.

These results for PDI of xenon by absorption of a
single harmonic photon appear to be consistent with previous
work and known properties of the various mechanisms.
They show that despite the low 1 kHz laser repetition rate,
differential cross sections can be extracted from the data,
giving insight into the electronic correlations. Therefore, we
can now proceed to PDI measurements initiated by combined
absorption of XUV and infrared photons.

3. PDI by the 19th harmonic and infrared photons

The energy of the 19th harmonic (29 eV) is not sufficient
for PDI of xenon. The release of two electrons is only
accessible by a multi-photon route through absorption of both
one harmonic and several infrared photons. The intensity of
the infrared radiation is below the threshold for multi-photon
ionization (MPI) of Xe. No Xe+ ions are detected with the
IR2 beam alone. Thus, sequential PDI routes starting with
MPI of Xe followed by XUV ionization of Xe+ are ruled out.
Under these conditions, figure 7 shows the dependence of the
total Xe++ yield on the delay τ of the infrared with respect
to the harmonic laser pulse. For negative delay, no signal is
observed. As expected, at τ ≈ 0 the ion signal rises to about
1.2 Hz, and interestingly a plateau is observed at least up to a
delay of 400 fs. Looking at the scheme of levels (figure 2(b)),
absorption of at least three infrared photons is required for
PDI. Various further routes are illustrated which require the
absorption of four infrared photons. The plateau in figure 7
reveals the existence of sequential routes, labelled ‘s’ in
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Figure 8. Kinetic energy distribution of photoelectrons from PDI by
the 19th harmonic and infrared.

figure 2(b). They start with ionization of Xe by the 19th
harmonic producing Xe+∗ states with a long life time, which are
then ionized by infrared multi-photon absorption after some
delay.

At zero delay one may expect a peak to appear due
to non-sequential direct or indirect PDI, labelled ‘nsd’ and
‘nsi’ in figure 2(b). Note that the existence of such routes
is made a priori possible here by the control of the overlap
between the XUV and infrared beams, and by the observation
of side bands for single ionization of helium [13]. These
conditions were not fulfilled in paper II, where similar PDI
by the 17th and 21st harmonics combined with infrared was
reported. However, no side bands were observed in single
ionization of xenon. Nevertheless, looking at figure 7, in
spite of favourable conditions for non-sequential PDI, no
significant peak is observed at τ ≈ 0. We thus conclude that
sequential routes dominate. A convoluted step function has
been calculated assuming pulse durations of 25 fs (FWHM) for
harmonic and 40 fs for IR2 pulse (IR2 pulse slightly broadened
after glass lens and window) and a lifetime of the intermediate
states in the ps range or higher. The harmonic pulse duration
is possibly shorter than the above value, which reasonably
accounts for the jitter of a few fs mentioned in section 1.
Figure 7 shows that such a step curve is consistent with the
data, when the photon beams’ instability (typically up to 10%)
is taken into account.

Further insight can be obtained by analysing the momenta
of the two emitted electrons. Figure 8 shows that most of the
photoelectrons have low kinetic energy, below 3 eV, with a
peak at about 0.4 eV. The shape of this energy distribution
is similar to that already reported in paper II. The sequential
route in figure 2(b) involves Xe+∗ states lying below 29 eV.
From spectroscopic data [20], a good candidate could be the
Xe+(5p4) 1D 5d (2S1/2) state at 28.88 eV binding energy. It
can be ionized by absorption of three infrared photons. The
first step would produce one 0.12 eV and the second step one
0.45 eV photoelectron. However, the density of Xe+(5p4) nl
correlation satellites in this binding energy region is very high
preventing a precise assignment.
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Figure 9. Two-dimensional kinetic energy correlation diagram for
PDI by the 19th harmonic and infrared.
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Figure 10. Total energy spectrum for PDI by the 19th harmonic and
infrared.

The 2D kinetic energy correlation plot shown in figure 9
confirms that the photoelectrons pile up in the low energy
region, and unlike figure 4 no structure is clearly visible.
However, the total energy spectrum (ftot(Etot), equation (1))
in figure 10 shows several peaks around 0.6, 2.1 and 3.6 eV
(dotted vertical lines), corresponding to the absorption of 3, 4
or 5 infrared photons, respectively. This generalizes the well-
known above threshold ionization (ATI) spectra known from
single ionization to PDI. Note that, although not considered
in figure 2(b), sequential routes leading to the 3Pe

0,1 or 1De

excited states of Xe++ may also add a structure to the spectrum
in figure 10, especially on the low energy side. Despite the low
statistics the main peaks appear to be slightly shifted down,
which is consistent with the expected ponderomotive shift at
the present intensity regime [13].
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Figure 11. Angular correlations from PDI by the 19th harmonic and
infrared.

Finally, figure 11 shows the probability distribution for
the angle θ12 enclosed by the momentum vectors of the two
photoelectrons irrespective of their kinetic energy. This rather
flat distribution corroborates our findings, i.e. the dominance
of sequential PDI, although a small contribution of non-
sequential direct ‘nsd’ routes cannot be completely ruled out,
as the probability is slightly increasing towards large θ12.

4. PDI by the 25th harmonic and infrared photons

Combining the 25th harmonic with the infrared pulses already
allows one-photon routes to contribute to PDI as discussed in
section 2 and shown in figure 2(a). In addition, multi-photon
routes become possible as shown in figure 2(c). Simultaneous
absorption of one 25th harmonic photon and absorption or
emission of one or more infrared photons can give rise to
direct PDI that populates various Xe++(5p4) final states (‘nsd’
routes). It may also result in indirect PDI via Xe+∗∗ states lying
above the (5p4) 3P2 Xe++ ground state (‘nsi’ routes). Finally,
sequential PDI (‘s’ routes) which is already allowed for the
19th harmonic is also possible with the 25th harmonic.

Figure 12 shows the dependence of the total Xe++ yield
on the delay τ of the infrared with respect to the XUV laser
pulses. For negative delay only, the one-photon routes in
figure 2(a) can contribute to Xe++ formation at a measured
event rate of about 1.5 Hz. At τ ≈ 0 a step is observed, similar
to that in figure 7, followed by a plateau at a rate of about
2.5 Hz. Similar to figure 7 again no noticeable peak appears
at τ ≈ 0, but the situation is different now. The one XUV
photon transition contributes to PDI, whatever the delay of the
infrared pulse. It is well known for joint harmonic and infrared
single ionization that increasing the infrared light intensity
beyond about 1011 W cm−12 gives rise to side-band peaks in
the photoelectron kinetic energy distribution with the harmonic
peaks losing intensity. More precisely, it can be shown that the
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Figure 13. Kinetic energy distribution of photoelectrons from PDI
by the 25th harmonic and infrared.

total intensity of the harmonic peaks without infrared remains
unchanged, but is redistributed over all possible multi-photon
transitions. Extending this idea to PDI, in the present case
where the one XUV photon route is energetically accessible,
the non-sequential routes should not give rise to an increased
Xe++ yield at τ ≈ 0. As in figure 7, a convoluted step function
using the same width parameters is in good agreement with
the data of figure 12. In order to understand the experimental
observation more refined information is needed, which can
only be provided by the emitted electrons.

Figure 13 shows the kinetic energy distribution of the
photoelectrons. It extends up to about 10 eV. A structure is
visible in the low energy region, below 2 eV. It seems to be
similar to the one already present in figure 3. Its appearance is

Figure 14. Two-dimensional energy diagram for PDI by the 25th
harmonic and infrared.
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Figure 15. Spectrum of the total energy E1 + E2 for PDI by the 25th
harmonic and infrared. Black vertical lines are shown at the
energies 1.7, 3.5, 7.1, 10.1 eV. The total energies corresponding to
PDI by the 25th harmonic that leads to various Xe++ final states are
indicated by black arrows.

expected since in the present case, PDI by the 25th harmonic
alone is possible. Deeper insight into the PDI mechanisms
can be gained by looking at the 2D plot of the kinetic energy
correlation of the two photoelectrons in figure 14, and the
distribution ftot(Etot) of the total energy (equation (1)) in figure
15. Lines at Etot = 1.7, 3.5, 7.1 and 10.1 eV have been drawn
in both figures, as well as the E2 = 0.3 E1 and E1 = 0.3 E2 lines
in the 2D plot. ftot(Etot) (figure 15) shows that total energies
higher than 7.1 eV become accessible to the photoelectron
pair, in contrast to one photon PDI with the 25th harmonic
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Figure 16. Angular correlations with respect to the angle θ12 for various processes in PDI by the 25th harmonic and infrared: (a)–
(d) correspond to regions 1–4 of figure 14, respectively.

alone (figure 5). Therefore, purely multi-photon PDI routes
contribute to the signal in the [7.1, 10] eV energy range, such
as those shown in figure 2(c). To simplify matters, the figure
only shows examples with one infrared photon absorbed for
the non-sequential routes and two infrared photons absorbed
on the sequential ones. However, more infrared photons may
be involved in both cases.

Considering first the low energy region (Etot < 7.1 eV)
possible contributions of different PDI routes are difficult
to identify, making an analysis intricate. In the 3.5 < Etot

< 7.1 eV region, transitions to P final states involving one
XUV photon may be mixed with transitions which involve
the absorption of one or two additional infrared photons. The
multi-photon transition results in the population of D final
states in Xe++, whatever the followed route. Looking at the
energy correlation plot (figure 14), the signal is still more
intense in region 3 than in region 2. This is reminiscent of our
observations in figure 4. In the 1.7 < Etot < 3.5 eV region, one
XUV photon transition to the D final state may be mixed with
one XUV photon absorption plus the emission of one or two
infrared photons, the latter leading to the P state through non-
sequential routes. Consequently, regions 1–3 can no longer be
considered as ‘pure’, i.e. dominated by a single type of route,
as was the case in section 2. They still incorporate the PDI

routes shown in figure 2(a), with an overall intensity of about
1.5 in terms of the Xe++ yield (from figure 12). However,
some of the multi-photon routes shown in figure 2(c) also
contribute, with an additional overall intensity of about 1 in
terms of the Xe++ yield. This contribution is spread over all
regions 1 to 4 of figure 14. Interestingly, the region labelled 4 in
figure 14, which corresponds to the highest values of Etot ([7.1,
10] eV), appears to be populated only close to the E1 and
E2 axes, respectively. This means that strongly asymmetric
energy sharing is favoured.

The θ12 angular probability distributions corresponding
to regions 1–4 of figure 14 are displayed in figure 16. For
both regions 1 and 2, the probability to find electron pairs
with θ12 small is slightly higher than it was for PDI with the
25th harmonic alone (figures 6(a) and (b)). The effect of
Coulomb repulsion is still clearly visible, as both probabilities
increase at higher angles. However, when approaching π , the
nodal properties seem to be washed out. Both dependences of
the electron pair yield on θ12 (figures 16(a) and (b)) are very
similar. This is consistent with the above discussion, based
on energy arguments in connection with the electron kinetic
energy correlation plot and on the total energy spectrum.
Regions 1 and 2 may now include sequential routes to PDI,
which result in electron pairs without any angular correlation.
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Moreover, with the absorption of infrared photons becoming
involved, the symmetry properties discussed in section 2 do
not hold any more. For instance, adding one infrared photon
to the 25th harmonic in the processes considered in section 2
changes the parity of the emitted electron pair from odd to even,
thus interchanging a node with an antinode and vice versa.
The mixing of processes with different angular correlations
destroys the typical dependence of the electron pair yield on
θ12 (section 2) in the vicinity of θ12 ≈ π for pairs from regions
1 and 2 of figure 14. For region 3, the observed angular
probability distribution in figure 16(c) is almost identical to
that shown in figure 6(c): it is rather flat, with a weak
increase at large angles. More instructive, however, is the
θ12 distribution in figure 16(d), associated with region 4 of
figure 14. It appears to be completely flat within the statistical
error. This is characteristic of two-step processes with
uncorrelated photoelectron pairs.

Let us now focus on region 4, where PDI by the 25th
harmonic plus infrared is isolated. Both, the electron pair
energy distribution (figure 14), peaked at strongly asymmetric
kinetic energy sharing, and the flat angular distribution
(figure 16(d)), demonstrate that two-step PDI dominates. Two
possible processes can account for our findings. The first one
is non-sequential indirect ‘nsi’ involving Xe+∗∗ states which
autoionize yielding Xe++(5p4) 3P2. This scenario would result
in a low kinetic energy electron from the second step, not
correlated with the high energy one from the first step. The
second scenario is the sequential ‘s’ process via Xe+∗ states
lying below the double ionization threshold. Spectroscopic
data [20] show that there exist many of these states with
binding energies around 29 eV together with the Xe+(5p4) 1D
5d (2S1/2) state at 28.88 eV which was involved in sequential
PDI induced by the 19th harmonic together with the absorption
of three infrared photons in the second step (see section 3).
The same route is possible with the 25th harmonic, but
now with a much higher energy photoelectron in the first
step. In addition, also in the second scenario, Xe+∗ states at
higher binding energy (above 30 eV) may be responsible for
sequential PDI, with only two infrared photons absorbed in the
second step (this case is illustrated in figure 2(c)). Only better
statistics and energy resolution would allow one to disentangle
all these possible ‘nsi’ and ‘s’ routes and to determine their
respective contributions to PDI in region 4 of the kinetic energy
correlation plot, in the vicinity of the E1 and E2 axes.

5. Summary

The results reported in paper II for the 17th and 21st harmonics
gave evidence of the sequential routes’ contribution to PDI.
In that experiment the XUV and infrared pulse widths were
different, thus giving rise to an incomplete temporal overlap.
This may have resulted in a suppressed ‘ns’ contribution to
PDI. However, the pulse widths themselves are more important
in this respect. In paper II pulses were longer than 2 ps,
whereas in the present work the infrared pulse width is
35 fs and the XUV one certainly shorter. These heavily
reduced pulse widths should definitely enhance the non-
sequential with respect to the sequential routes to PDI.

However, we have shown that sequential appears to dominate
over non-sequential PDI for the 19th harmonic.

Our results with the 25th harmonic are more difficult to
interpret, despite the powerful momentum imaging technique
used which provides the complete momentum vectors of both
photoelectrons. Nevertheless, we have shown that for the
absorption of one 25th harmonic plus at least one infrared
photon, only two processes can account for our observations.
By analogy with the results obtained with the 19th harmonic
(the same states of the singly charged ion are probably
involved), it is tempting to conclude that sequential PDI
dominates as well for the 25th harmonic plus infrared. As a
general finding, the present study indicates that non-sequential
direct PDI is weaker than two-step PDI in the case of xenon.

The present work demonstrates that complete
measurements on PDI, where the momentum vectors of
both outgoing photoelectrons are determined, can be achieved
with high harmonic light sources, at a repetition rate of 1 kHz.
The signal-to-noise ratio in the coincidence mode, estimated
to be around 20, can be further improved in forthcoming
experiments by decreasing the background pressure below
2 × 10−10 Torr. With infrared and harmonic laser pulses
combined, the various PDI mechanisms have been analysed
for Xe. Since two-step PDI appears to be dominant, the
present study appeals for repeating these measurements
on lighter atoms, either with XUV plus infrared or visible
photons or with two XUV photons. With these lighter atoms,
PDI is expected to be simpler to analyse. For example, it
is well known that non-sequential direct PDI by two equal
energy XUV photons can be isolated for helium. The rapid
progress in the development of harmonic and X-FEL sources
is likely to make these experiments possible in the near future.
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[11] Böttcher M, Rottke H, Zhavoronkov N, Sandner W,
Agostini P, Gisselbrecht M and Huetz A 2005 J. Phys. B:
At. Mol. Opt. Phys. 38 L389
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