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Strong-field ionization of molecular iodine traced with XUV pulses from a free-electron laser
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Ultrafast dynamics of a molecular wave packet created by a strong 120-fs near-infrared (800 nm) laser pulse in
iodine has been probed by synchronized 13.4-nm, 35-fs extreme-ultraviolet pulses delivered by the free-electron
laser facility in Hamburg, FLASH. The kinetic energy release of the multiply charged ionic fragments reveals
three essential steps of strong-field-induced molecular fragmentation dynamics: (i) The creation of I2

2+ and
(I2

2+)∗ molecular ions proceeds within (75 ± 15) fs full-width-at-half-maximum. (ii) With the onset of the I2
2+

fragmentation the probability to lose a further electron within the same optical laser pulse rises with increasing
I+—I+ internuclear separation and reaches its maximum after ∼30 fs with respect to the pulse maximum.
(iii) Charge separation into the I2

2+ → I2+ + I dissociative channel with an asymmetric charge distribution is
completed after (121 ± 22) fs.
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I. INTRODUCTION

Intense light pulses can produce highly excited
nonequilibrium states of matter within femtoseconds (fs).
Short pulsed laser systems within the visible and near-infrared
(NIR) region provide an electric field strength sufficient to
suppress the outer barrier of atoms or molecules to the energy
level of valence electrons. Diatomic molecules exposed to
laser fields with an intensity exceeding 1013 W/cm2 undergo
multielectron dissociative ionization, leading to explosion of
the molecule into ionic fragments with a characteristic kinetic
energy release (KER) [1–4]. The nomenclature (Q1,Q2) is
widely used to describe each fragmentation channel of a
diatomic molecule, where Q1 and Q2 are the corresponding
charge states of the atomic ion.

Within other proposed mechanisms for dissociative ioniza-
tion [4,5] the electron localization and enhanced ionization
model [6–9] has proven to provide an appropriate explanation
of experimental results [5,8,10–12]. For a molecule at the
equilibrium internuclear distance (Re), the first ionization step
occurs, like in the atomic case, by the ionization of one or
more electrons. The singly or multiply charged molecular ion
then starts to dissociate. With rising internuclear separation
R the probability of losing further electrons increases and
reaches its maximum (enhanced ionization) at some critical
internuclear separation Rcr [6,7]. A combination of field-
induced strong coupling between charge resonance states
and electron localization is thought to be responsible for
the enhanced ionization [6,7]. Finally, the charges become
separated on the corresponding atomic ions.

The enhanced ionization concept requires, however, that
the time needed by the molecular ion to reach the critical
internuclear separation Tcr has to be considerably shorter than
the laser-pulse duration. Typically, Rcr is about a factor of 2
larger than the equilibrium internuclear separation Re [6,8,13].
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For doubly charged molecular iodine I2
2+ a Coulomb repulsion

model predicts Tcr ∼ 110 fs [6] in correspondence with a
first experimental finding of Tcr ∼ 166 fs [14]. Experiments
[15,16] have shown that iodine can be ionized up to I2

13+,
but due to much shorter pulse durations of ∼30 fs employed
there, all charge states were effectively formed at internuclear
separations less than Rcr. For the lightest diatomic molecular
ion H2

+ (and D2
+) the enhanced ionization region was also

resolved experimentally at two critical internuclear separations
[17], in agreement with theoretical predictions [7].

In the current study, we intend to disentangle the essential
steps of strong-field-induced molecular fragmentation dynam-
ics. The experimental challenge is to access the dedicated
dynamics within the exciting NIR pulse with a short temporal
gate. We use a NIR pulse of 120-fs full-width-at-half-
maximum (FWHM) duration at 1.6 × 1014 W/cm2 intensity
to induce multielectron dissociative ionization and an intense
ultrashort 35-fs FWHM extreme-ultraviolet (XUV) pulse from
the free-electron laser (FEL) facility in Hamburg (FLASH) as
a probe.

Figures 1(a)–1(c) show the principle of our experimental
approach. The method relies on the quite different dynamics
initiated by irradiation of I2 with the XUV pulse, as it has
been shown in our previous study [18]. The 92-eV XUV pulse
preferably interacts with the 4d level of the atomic core [19].
The 4d−1 vacancy is refilled within a few femtoseconds [20]
preferably via single Auger decay (A1). Thus, the action of the
XUV radiation on a particular molecular or atomic charge state
Q (populated by the NIR pulse) results in the quasi-instant (on
the experimental time scale) increase of the charge state by at
least two (Q+ 2) as shown in Fig. 1(a). Within heavy molec-
ular ions like iodine this additional charge will always be dis-
tributed between both atoms prior to fragmentation [18,21]. In
this case, the NIR-induced fragmentation channel (Q1,Q2)NIR

will be transferred by the XUV to (Q1 + 1,Q2 + 1)NIR+XUV.
However, as soon as the valence electrons become localized
on the particular atomic core [Fig. 1(b)], the inner potential
barrier prohibits electron exchange and the additional charge
created by the XUV ionization will also become localized, i.e.,
a Q1 charge state will be transferred to Q1 + 2.
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FIG. 1. (Color online) Principle of the NIR-pump–XUV-probe experiment to reveal multielectron dissociative ionization dynamics. The
time-delay zero is defined as the coincidence of the NIR and XUV pulse maxima. Note that at large time delays (c) the XUV pulse hits the
target after the molecular fragmentation is completed, i.e., the XUV-induced increase of charge Q1 + 2 will not contribute to the increase of
the KER.

The XUV ionization with subsequent Auger decay thus
provides a way to probe the current electron configuration
within fragmenting molecules and to unveil three essential
steps of strong-field-induced molecular fragmentation dynam-
ics shown in Fig. 1: creation of a molecular ion (a), valence
electron localization due to the onset of fragmentation (b), and
charge separation (c). Momentum-resolved ion charge-state
spectroscopy is used to identify certain fragmentation channels
through a characteristic KER of ionic fragments and to follow
their evolution as a function of the NIR-pump–XUV-probe
time delay. The interpretation of the experimental results is
mainly focused on charge states �3, as these states were not
observed in our previous study of the collective dynamics in-
duced by the XUV and a weak, i.e., below the threshold for dis-
sociative ionization, NIR field [18]. Thus, these new fragmen-
tation channels can unambiguously be ascribed to the channels
produced by the dissociative ionization in a strong NIR field.

II. EXPERIMENT

A detailed description of the experimental setup can be
found in Refs. [18,22]. Briefly, the experiment was performed
at beamline BL1 of the FLASH facility operated at a photon
energy near 92 eV (13.4 nm wavelength) and at a 10-Hz
repetition rate in single bunch mode [23]. A mode-locked
Ti:sapphire laser system (800-nm wavelength, 120-fs FWHM
pulse duration, and pulse energy of 2 mJ) provided by the
FLASH facility [24] was electronically synchronized to the

1.3-GHz master clock of the accelerator. In the interaction
region of the experiment the NIR laser beam was focused
to 60-μm FWHM and was overlapped with a focused XUV
pulse of about 150-μm FWHM spot size. The average XUV
pulse duration was about 35-fs FWHM [25]. This results in
an intensity in the target of about 1.6 × 1014 W/cm2 and 8 ×
1011 W/cm2 for the NIR and XUV pulse, respectively.

Molecular iodine was expanded into the interaction region
through a slightly heated gas nozzle and recollected with
a liquid nitrogen cold trap. With operating gas nozzle the
chamber pressure was kept in the range of 10−6 mbar.
Momentum-resolved charge states of fragment ions were
detected by a time-of-flight (TOF) spectrometer. It consists
of an extraction and an acceleration region with electrical field
strengths of 25 V/mm and 500 V/mm, respectively, attached to
a 62-cm-long field-free flight tube. A 2-mm-diameter aperture
at the exit of the acceleration region was used to restrict the
detection solid angle.

A methodological challenge of pump-probe experiments at
free-electron lasers like FLASH are the arrival-time fluctua-
tions of the XUV with respect to the NIR pulse in the order
of a few hundred femtoseconds [26,27]. Specially developed
tools to compensate the FEL timing jitter are reviewed in
Ref. [28]. In the current study, a single-shot XUV/optical
cross-correlator [29] for the arrival-time measurement was
operated simultaneously with the pump-probe experiment.
Momentum-resolved ion-charge-state spectra were collected
at a fixed optical delay stage position while simultaneously
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measuring the XUV arrival time as described in Ref. [22].
Subsequently, the spectra were sorted according to the actual
time delay within 30-fs time bins (about 200 single traces
pro time bin) and averaged. As shown below, the resulting
temporal resolution is better than the NIR pulse duration. The
time-delay zero is defined as the maximum overlap between
XUV and NIR pulses. It was determined with an accuracy
of ±11 fs (95% confidence bounds) from the fit of a transient
Xe3+ yield and, additionally, of a transient I2+ ion yield within
a (2,1) channel as discussed in Refs. [18,22].

III. EXPERIMENTAL RESULTS IN VIEW OF
A CLASSICAL FIELD IONIZATION MODEL

The current study is focused on the dynamics of the
NIR-populated intermediate state I2

2+, which is the precursor
for (1,1)NIR and (2,0)NIR fragmentation channels. We are also
looking for signatures of the I2

3+ state, which undergoes
further fragmentation through the (2,1)NIR channel. A very
powerful approach to identify molecular intermediate states
through their fragmentation channels is a coincident mea-
surement with the reaction microscope (REMI) [30]. This
technique represents the kinematically complete experiment
as it provides information on full 3D momentum vectors of
reaction fragments emitted in single events. Besides an obvious
advantage of REMI, its application at low-rate radiation
sources such as FELs represents an experimental challenge
[30]. Alternatively, for simple diatomic molecules such as I2

momentum resolved ion charge-state spectroscopy, as utilized
in this work, may be used.

Figure 2 shows the momentum-resolved ion spectra induced
by exclusive irradiation with XUV or NIR light. The assign-

FIG. 2. Momentum-resolved ion yield spectra produced exclu-
sively by XUV or NIR fields. Data were typically averaged over 80
single traces. The spectrometer efficiency is highest at zero KER
(dash-dotted line in I+ and I2+ part), dropping significantly with
rising fragment momentum. This asymmetry with respect to the zero
KER line is also seen in the higher detection efficiency for the ions
starting with a momentum in spectrometer direction (shorter TOF)
with respect to ions with opposite momentum (longer TOF). Note that
the effective suppression of (1,1) and (1,2)/(2,1) channels compared
to (1,0) and (2,0) channels by changing the NIR polarization with
respect to the detector axis.

ment of the fragmentation channels is based on their character-
istic KER. Besides the molecular ion I2

+, each channel in Fig. 2
exhibits two peaks in the ion yield spectra, one with shorter
and one with longer time-of-flight (TOF), corresponding,
respectively, to ions initially flying forward (fw) and backward
(bw) with respect to the detector. The KER is calculated from
the TOF difference between the bw and fw ion peaks.

We also use the sensitivity of multielectron dissociative
ionization to the polarization direction of the NIR field to
select and identify certain channels. In the intense laser field
the ionization rate of I2 strongly depends on the orienta-
tion of the molecular axis with respect to the polarization
direction as proven by the angular anisotropy in fragment
distributions [11,13] and supported by calculations based on
a field ionization, Coulomb explosion model [9]. Calculations
performed for aligned molecules [9] show that, under our
NIR intensity conditions (1.6 × 1014 W/cm2), the ionization
to the I2

3+ state at Re can only be achieved in a fraction of
molecules with their molecular axis oriented parallel to the
electrical field vector. On the contrary, I2

2+ can be created
independently on the orientation of the molecular axis. In this
context it is important that the I2

2+ state has a (2,0)NIR and
a (1,1)NIR dissociation limit. While the fragment distribution
within the (1,1)NIR channel is strongly anisotropic with highest
ion yield in the direction parallel to the electrical field vector,
the (2,0)NIR channel reveals relatively low angle anisotropy
[11,13]. Therefore, in the current study the signatures of
(1,1)NIR and (2,1)NIR fragmentation channels can be substan-
tially suppressed against the (2,0)NIR channel by rotating the
NIR polarization perpendicular to the detection axis and by
using an aperture within the time-of-flight spectrometer, which
restricts the acceptance angle to about ∼15◦ (compare spectra
in Fig. 2 for NIR polarization parallel and perpendicular with
respect to the detector axis).

Section III is organized in the following way: In Sec. III A
we consider the temporal evolution of maximal irradiation
intensity within the NIR pulse envelope in the framework of
the classical field ionization approach introduced in Ref. [8,9].
The main idea is to predict the time (with respect to the NIR
pulse maximum) of the creation of the I2

2+ and I2
3+ molecular

wave packets. The dynamics of the I2
2+ and I2

3+ transient
states are discussed in Secs. III B and III C, respectively.
Notably, the experimental results of Sec. III B are obtained with
perpendicular and of Sec. III C with parallel NIR polarization.

A. Classical model of strong-field ionization as a function of the
internuclear separation

The field ionization, Coulomb explosion model introduced
in Refs. [8,9] provides an estimation for the classical ap-
pearance intensity of each fragmentation channel. Briefly,
for a molecule aligned parallel to the laser field E the
double-well potential U (in eV) seen by the outer electron
can be approximated by

U (x) = −B
Q/2

|x + R/2| − B
Q/2

|x − R/2| − eE(t)x, (1)

where B = 14.385 eV Å, Q = Q1 + Q2 is the sum of the
atomic charge states, x (in Å) is the axial position of the
electron, R (in Å) is the internuclear separation, and E(t) is
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FIG. 3. Double-well potential for I2
2+ at certain internuclear

separations R in a strong external field.

the instantaneous electric field strength of the NIR radiation
(in V/Å). The energy level of the outer electron can be
approximated by

WL = −Vi1 + Vi2

2
− B

Q

2R
, (2)

where Vi1 and Vi2 (in eV) are known ionization potentials
of both atomic ions. We consider a Gaussian function as a
simple approximation for the irradiation intensity I (t) within
the NIR pulse envelope: I (t) = I0 exp(− t2

2σ 2 ), where σ = 51 fs
(120 fs FWHM) and I0 = 1.6 × 1014 W/cm2 (corresponding
to E0 = 3.5 V/Å).

In the classical model, the electron can escape from
the Coulomb potential of the ion, when the electrical field
suppresses the outer barrier to the energy level WL of the
electron. Figures 3(a) and 3(b) sketch the double-well potential
calculated with Eq. (1) for the I2

2+ state at two different
internuclear separations, Re and 1.5 Re, respectively, but in
the same external field of 2 V/Å (5 × 1013 W/cm2). Thus, at
an intensity above the 5 × 1013 W/cm2 threshold, the I2

2+ →
I2

3+ transition becomes classically possible if the internuclear
separation R has reached at least 1.5 Re.

A further effect that lowers the minimum intensity for
ionization is electron localization. For I2 at an internuclear
separation longer than 1.5 Re, the central barrier rises above
the energy level WL of the electron leading to the electron
localization on a particular atomic core [8,9]. Due to the
Stark shift by the factor of 0.5RE, the electron energy
level may rise up to the top of the central barrier, allowing
over-the-barrier ionization at longer internuclear separations
and weaker external fields, as shown in Fig. 3(c) for R =
2.3 Re and 1.3 V/Å.

Figure 4(a) (solid line) shows the temporal evolution of
the maximal irradiation intensity I (t) within the NIR pulse

FIG. 4. (a) (Solid line) Evolution of I (t) within the NIR pulse
envelope, assuming a Gaussian pulse shape of 120-fs FWHM.
(Dashed line) th1 and th2 indicate the threshold for the appearance
of the I2

2+ and I2
3+ states, respectively, when the molecular ion is

created at Re. Gray shaded area indicates the temporal region within
the NIR pulse, where the I2

3+ at different internuclear separations can
be produced. (b) The temporal evolution of the internuclear distance
normalized to Re as calculated from the two-point charge model. We
assume that the I2

2+ state starts to dissociate at −80 fs [point P1 in
panel (a)].

envelope. Above the thresholds th1 and th2 (dashed lines),
respectively, the electrical field is sufficient to create I2

2+
and I2

3+ at Re if the molecular axis is aligned along the
polarization direction. As discussed in Ref. [9], the appearance
intensity for a certain molecular cationic state increases as
the angle between the electrical field vector and molecular
axis increases. Since our measurements are performed on
an ensemble of randomly oriented molecules, th1 and th2
represent the lowest appearance threshold for I2

2+ and I2
3+

ionization, respectively.
Let us assume that the I2

2+ state is created at −80 fs (with
respect to the NIR pulse maximum) indicated by point P1 in
Fig. 4(a) and starts to dissociate I2

2+ → I+—I+. The temporal
evolution of the internuclear separation can be modeled by
considering the Coulomb repulsion between two point charges
and integrating the classical equations of motions like in
Ref. [31]. Figure 4(b) shows the corresponding calculation of
the time-dependent increase of the distance between recoiling
I+ point charges. At point P2 (at 20 fs) the internuclear
separation increases to ∼1.5 Re. Because the maximal field
amplitude in this region of the NIR pulse is higher than 2 V/Å,
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FIG. 5. Relevant fragmentation pathways leading to the detection
of I3+, I4+, and I5+ transient ion yield (highlighted in gray). Symbols
on the right side are the corresponding transient profiles plotted in
Fig. 6. The NIR polarization direction is perpendicular with respect
to the detection axis.

a further ionization step I+—I+ → I2+—I+ becomes possible,
as discussed above [see also Fig. 3(b)]. Due to the electron
localization which is expected to start after 20 fs with respect to
the NIR pulse maximum (corresponds to >1.5 Re as discussed
in Ref. [8]) the I+—I+ → I2+—I+ transition is possible up to
the point P3 [the corresponding double-well potential is shown
in Fig. 3(c)]. The gray shaded area of Fig. 4(a) indicates
the temporal region within the NIR pulse, where the I2

3+
transient states at different internuclear separations can be
produced, e.g., at Re above th2, at 1.5 Re around the point
P2, or at 2.3 Re around the point P3. Below P3 the electron
energy level WL is below the inner barrier of the Coulomb
potential, i.e., the electrical field strength is not sufficient for
a I+—I+ → I2+—I+ transition.

According to the classical field ionization model, the
temporal origin of I2

2+ and I2
3+ molecular cationic states is

confined within the NIR pulse envelope [Fig. 4(a)]. The I2
2+

state is expected to appear between −80 and 80 fs [above
threshold th1 in Fig. 4(a)]. The I2

3+ can be created at different
internuclear separations and should appear between −55 and
95 fs. Between 20 and 95 fs, the I2+—I+ state with a localized
valence electron configuration is expected.

B. From the I2
2+ molecular wave-packet creation

to the I2+ + I charge separation

We now test the model of Sec. III A by analyzing the NIR-
XUV delay-dependent evolution of the ionic fragments with
different final charge states Q1 and the characteristic KER.
According to Fig. 5, the presence of a transient molecular I2+

2
state could be detected through (2,2)NIR+XUV or (3,2)NIR+XUV

fragmentation channels. Particularly, as already mentioned in
the Introduction (Sec. I), an XUV pulse acting on the I2+

2
molecular ion will increase its charge state by at least two (4d

ionization with subsequent Auger decay), leading to the I2
4+

state. Moreover, the I2
2+ state can also be electronically excited

to (I2
2+)∗ as found in Ref. [32]. This may additionally lead to

shake-off of an excited electron on XUV ionization. Thus, the
final molecular cationic state will be I2

5+. Following Coulomb
explosion of I2

4+ and I2
5+ molecular ions I2+ and I3+ ionic

fragments with characteristic (2,2)NIR+XUV and (3,2)NIR+XUV

KER should be detected, as sketched in Figs. 5(a) and 5(b),
respectively.

FIG. 6. (Color online) I3+ (open circles) and I5+ (closed squares)
transient ion yield (background subtracted and normalized) as a
function of time delay and the corresponding fits to the data (solid
lines). Error bars are standard deviations. Gray filled curve represents
the temporal overlap between XUV and NIR pulses approximated by
the Gaussian profile of the 125-fs FWHM.

Observation of I2+ is prohibited due to the overlap with
other channels [18]. Instead, the I3+ ionic fragments with a
KER corresponding to the (3,2)NIR+XUV fragmentation channel
are observed within the temporal overlap of NIR and XUV
pulses (Fig. 6, open circles). Note that the signal appears within
the region where the I2

2+ intermediate state is expected [region
above the threshold th1 in Fig. 4(a)]. The corresponding
temporal profile was fitted with a Gaussian function of
(75 ± 15) fs FWHM (Fig. 6, red solid line) and is considerably
shorter than the temporal overlap between XUV and NIR
pulses, represented in Fig. 6 by the gray filled area. The
temporal overlap is approximated by a Gaussian profile of
(125 ± 21) fs FWHM and is mainly determined by the NIR
pulse duration [18,22]. Error bars represent 95% confidence
bounds. The narrow temporal width of the (I2

2+)∗ intermediate
state reveals the time range within the NIR pulse envelope
where the electrical field strength is sufficient for over-the-
barrier ionization from the equilibrium internuclear separation.
Our finding shows that the temporal origin of the I2

2+ molec-
ular cationic state is indeed confined within the NIR pulse
envelope in correspondence with the current understanding of
the multielectron dissociative ionization mechanism [6–9], as
discussed in Sec. III A.

We are now looking for signatures in the ion yield spectra,
where dissociation of I2

2+ and (I2
2+)∗ states is completed, i.e.,

the molecular wave packet has reached its final continuum
state. Figure 5 summarizes two possible fragmentation path-
ways for a I2

2+ molecular cationic state with symmetric (1,1)
and asymmetric (2,0) charge distribution. Correspondingly,
for the (I2

2+)∗ state the fragmentation pathways will be
(1∗,1) and (2∗,0). In particular, in the detection direction
perpendicular to the polarization vector, the yield in the (1,1)
fragmentation channel is suppressed compared to the (2,0)
channel with asymmetric charge distribution, as shown in
Fig. 2 in correspondence with previous results [9,11]. The
mechanism by which charge asymmetric channels such as
(2,0) are populated is currently not understood in detail [13].
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As shown recently [33,34], at the internuclear separation
of ∼3.4 Å the potential energy curve for the I2

2+ state with
the (2,0) dissociation limit becomes essentially flat, i.e., the
molecular wave packet has reached its asymptotic velocity.
This would correspond to the appearance of two separated
atomic cores I2+ + I moving with a constant velocity along a
flat potential energy curve. Note that after the charge separation
I2

2+ → I2+ + I is completed, an additional charge created by
the XUV pulse in the I2+ core will, in contrast to the I neutral
core, not introduce an additional Coulomb repulsion force.
Taking into account that the (2,0) and (2∗,0) fragmentation
channels can be identified through their relatively low KER
[14,34], the appearance of I4+ and I5+ ionic fragments with
low KER is, thus, expected at long positive (NIR first) time
delays (see Fig. 5).

The I4+ and I5+ fragment ions with low KER and similar
transient behavior are indeed observed. The transient ion yield
for the I5+ charge state with low KER is plotted in Fig. 6 (closed
squares). The temporal profile was fitted with a smoothed step
function (red solid line). The slope of the step function is
comparable within 95% confidence bounds to the temporal
width of the (3,2)NIR+XUV channel (Fig. 6, open circles) and is
also narrower than one would expect from the (125 ± 21) fs
width of the NIR-XUV temporal overlap. This suggests that
both features originate from the same intermediate state: the
former one at the instance of its creation by the NIR pulse
(I2

2+)∗ and the latter when the molecular wave packet has
reached its final (I2+)∗ + I state.

The (121 ± 22) fs shift of the inflection point toward
positive time delays (NIR pulse first) provides an estimation for
the time needed for (I2+)∗ and I charge separation. According
to Refs. [33,34], the charge separation is expected to occur
at the internuclear separation of 3.4 Å. Notably, 3.4 Å is also
close to the critical internuclear separation Rcr, which is 1.3 to
2 times Re and Re = 2.66 Å (see Refs. [6,8,14]). Therefore,
the determined characteristic time constant is also in close
correspondence with Tcr, the time needed for the molecular
ion I2

2+ to reach the critical internuclear separation predicted
to ∼110 fs in Ref. [6].

C. Sequential I2
2+ → I2

3+ ionization by the same NIR pulse

According to the enhanced ionization concept, the proba-
bility for a sequential ionization event I2

2+ → I2
3+ increases

as the I2
2+ state starts to dissociate. Under our experimental

conditions, the I2
3+ ionization state can be reached only in

the fraction of molecules with the molecular axis occasionally
oriented parallel to the electrical field vector, as discussed
in Sec. III A and shown in Fig. 4(a) (gray filled area).
Correspondingly, the ion yield spectra taken with the NIR
polarization parallel to the detection axis are analyzed.

Figure 7 shows the momentum-resolved I3+ ion yield
spectra at different time delays. Bold solid lines highlight a
transient feature, which rises between −30 and 90 fs with
maximum amplitude at about 30 fs. The appearance intensity
threshold for this transient feature is about 9 × 1013 W/cm2

and correlates well with the appearance intensity threshold
for the (2,1)NIR fragmentation channel in ion yield spectra
taken with NIR pulses only (data not shown). Therefore,
the transient feature in Fig. 7 corresponds to the signature

FIG. 7. Momentum-resolved I3+ ion yield spectra at certain time
delays (solid lines). The scale on the top indicates the fragment kinetic
energy (half of KER) for ions with the initial momentum on the
spectrometer’s axis. The transient feature (bold line) corresponds to
a (3,1)NIR+XUV channel.

of the NIR-produced I2
3+ intermediate state, which without

XUV probe pulse will undergo fragmentation through the
(2,1)NIR channel. Note that the pronounced spectral feature
with low KER (close to the dashed line in Fig. 7) cannot
be unambiguously assigned to a certain intermediate state.
Temporal analysis of this feature indicates that it may be caused
by several overlapping fragmentation channels.

The appearance of the I2
3+ intermediate state in the I3+ part

of the ion yield spectra can be understood as depicted in Fig. 8.
Essentially, the ionization potential of the 4d core level of the
I2

3+ ionic ground state is about ∼10 eV higher [35] than the
XUV photon energy of 92 eV. This means that as long as the
atomic cores are not completely separated, I2

3+ → I2+ + I+,
the XUV pulse can interact only with valence electrons of
the I2

3+ state and the total charge increase will be only
Q+ 1. Accordingly, after the interaction with the XUV probe
pulse, the NIR-produced I2

3+ transient state will be transferred
to I2

4+.
A further important factor is the valence electron config-

uration of the I2
3+ intermediate state. On XUV ionization to

the I2
4+ state the most probable fragmentation pathway is

the (2,2)NIR+XUV channel with symmetric charge distribution
[18,21]. However, as soon as valence electrons become local-
ized on a particular atomic core I2+–I+, the XUV ionization

I2
2+I2

NIR NIR
I2

3+
I2

4+

XUV

valence electrons
are not localized

I ---I2+ +

valence electrons
are localized

XUV
(2,2)

I ---I3+ +

I ---I2+ 2+

(3,1)

(2,2)

I
3+

FIG. 8. Relevant fragmentation pathways leading to the detection
of the transient I3+ ion yield (highlighted in gray) as shown in Fig. 7.
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will be atomiclike, i.e., the XUV pulse will interact with
the I2+ or I+ atomic ion. This will lead to the appearance
of new fragmentation pathways I3+–I+ → (3,1)NIR+XUV and
I2+–I2+ → (2,2)NIR+XUV. Thus, the transient feature in the
I3+ part of the ion yield spectra shown in Fig. 7 can be
assigned to the (3,1) fragmentation channel as summarized
in Fig. 8. From a characteristic KER of ∼13 eV (corresponds
to the kinetic energy of ∼6.5 eV as roughly estimated from
Fig. 7), the fragmentation within this channel has started at the
internuclear separation of ∼1.4 Re. According to the Coulomb
explosion model [Fig. 4(a)] 1.4 Re can be easily achieved
within the NIR pulse envelope.

The temporal behavior of the transient feature confirms that
the NIR-populated I2+–I+ intermediate state with a localized
valence electron configuration is confined within the NIR
pulse envelope. The signal is restricted to the region of time
delays between −30 and 90 fs with a signal maximum at
about 30 fs (Fig. 7). A symmetric double-well Coulomb
potential model predicts [8] that electron localization starts
at about 1.5 Re, which fits well with 1.4 Re estimated from
our measurements. According to the model shown in Fig. 4(a)
the 1.5 Re internuclear separation should be achieved around
point P2 (20 fs with respect to the NIR pulse maximum),
which is also close to our experimental finding. Thus, the
method reveals the region within the NIR pulse envelope
where the I2+–I+ intermediate state with a localized valence
electron configuration is created. This finding shows that
electron localization is essential for multielectron dissociative
ionization in a strong laser field.

IV. SUMMARY

We have studied the dynamics of a I2
2+ molecular wave

packet excited by a strong 800-nm NIR pulse. Three essential

states of its evolution have been revealed: First, the temporal
origin of the I2

2+ molecular wave packet is confined to (75 ±
15) fs FWHM within the 120-fs FWHM NIR pulse. Second,
we have localized the region of enhanced ionization within
the NIR pulse envelope. Under our experimental conditions
the probability for the sequential ionization event I2

2+ → I2
3+

reaches its maximum after ∼30 fs with respect to the NIR pulse
maximum. In this case the valence electrons of the I2+—I+
state are localized on the particular ionic core. Third, at (121 ±
22) fs the molecular wave packet I2

2+ with asymmetric
dissociation limit I2+ + I has reached its final continuum
state. Our results are understood in terms of a classical field
ionization model and demonstrate the crucial role of valence
electron localization for the subsequent ionization events
within the same NIR pulse.

The experimental approach used here relies on the ability
of XUV radiation to interrogate core levels of a particular
ion and on the sensitivity of the subsequent Auger decay
to the valence electron configuration. By using considerably
shorter XUV pulses, it was possible to track dynamical details
within the envelope of a longer NIR pulse. Due to different
interaction mechanisms of pump and probe pulses with the
target molecules, and the nonlinearity of the strong-field
ionization, the temporal resolution is better than dictated by
the convolution of pump and probe pulse profiles.
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