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We photoionize nitrogen molecules with a train of extreme ultraviolet attosecond pulses together with a
weak infrared field. We measure the phase of the two-color two-photon ionization transition (molecular phase)
for different states of the ion. We observe a 0.9 shift for the electrons produced in the ionization channels
leading to the X 22;, v'=1, and v’ =2 states. We relate this phase shift to the presence of a complex resonance
in the continuum. By providing both a high spectral and temporal resolution, this general approach gives access
to the evolution of extremely short-lived states, which is often not accessible otherwise.
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Tonization of atoms and molecules by absorption of ul-
trashort extreme ultraviolet (xuv) radiation provides rich
structural information on the considered species. The ioniza-
tion process releases an electron wave packet, which can be
described as a coherent superposition of partial waves. The
relative contributions and phases of the partial waves can be
extracted from photoelectron angular distributions at a given
energy [1]. However, the temporal structure of the ejected
wave packet, which is imposed by the phase relation be-
tween different energy components, is not accessible with
such experiments. To access this phase, one needs to couple
two energy components of the electron wave packet and
record the resulting interference. This can be achieved by
absorption of high-order harmonics of an infrared laser pulse
in the presence of the fundamental field.

An intense laser pulse propagating in a gas jet produces
coherent xuv radiation constituted of odd harmonics (2¢
+1)w, of the fundamental frequency w,. These harmonics
are all approximately phase locked with the fundamental and
form an attosecond pulse train (APT) [2]. In photoionization
experiments with high harmonics, the photoelectron spec-
trum exhibits equidistant lines resulting from single-photon
ionization [Fig. 1(a)]. If an additional laser field with fre-
quency g is added, two-photon ionization can occur: ab-
sorption of a harmonic photon accompanied by either ab-
sorption or stimulated emission of one photon wy,. New lines
(sidebands) appear in the spectrum, in between the harmon-
ics [Fig. 1(a)]. Since two coherent quantum paths lead to the
same sideband, interferences occur. They are observed in an
oscillation of the sideband amplitude as the delay 7 between
the probe (ir) and harmonic fields is scanned [2,3]. This is
the basis of the reconstruction of attosecond beating by in-
terference of two-photon transitions (RABBITT) technique.
The phase of the oscillation is determined by the phase dif-
ference between consecutive harmonics (phase locking) and
by additional phase characteristics of the ionization process.

The same process can be described in the time domain.
The APT creates a train of attosecond electron wave packets.
The additional laser field acts as an optical gate on the elec-
trons, which can be used to retrieve the temporal profile of
the electron wave packets [4,5]. This temporal structure is set
by the temporal shape of the APT but also by the photoion-
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ization process. Thus, RABBITT measurements with a well-
characterized APT give access to the spectral phase of the
photoionization [6,7], i.e., the temporal dynamics of photo-
ionization.

Recently Cavalieri er al. [8] reported a time-resolved
measurement of photoionization of a solid target by a single
attosecond pulse. Conceptually this is close to RABBITT
[4,5] but using of an APT rather than a single pulse has
major advantages: (i) the production of APT is much less
demanding; (ii) the spectrum of APT is a comb of narrow
harmonics that can be used to identify different photoioniza-
tion channels; (iii) the intensity of the ir beam must be of
~10"" W cm2 for RABBITT and about 10'3 W cm2 with
single pulses [9], which can perturb the system.

Here we study the photoionization of nitrogen molecules
with an APT and characterize the outgoing electron wave
packets using the RABBITT technique. We probe the region
just above the ionization threshold of N,, which is spectro-
scopically very rich [10-12]. We show that the “complex
resonance” (at 72.3 nm) [10,12,13] induces a =~ phase
change in the molecular phase. This effect strongly depends

Photoelectron z T T T 0.4
:;B (a) spectrum (b)_
=
ol PR 102
] [ >
v/ 2
€ |- 1 0.0
1P+ e a
HIS =
H13 1-0.2 é
HI1
| 0.4
0
> : : : : -0.6
Position 1.40 1.50 1.60

o, (€V)

FIG. 1. (Color online) Theoretical model of a RABBITT experi-
ment in presence of a resonance. (a) Principle of RABBITT and
model potential that is used for the simulations. (b) Evolution of the
molecular phase difference A6, (solid line) and A6, (dashed line)
as a function of the fundamental laser frequency. Harmonic 11 is in
the continuum for wy>1.43 eV and hits the resonance when w,
=1.52 eV.
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on the final ionic state, revealing the complex nature of the
photoionization process.

We first present a theoretical study of the influence of
resonances on RABBITT measurements. The oscillations as
a function of the delay 7 of the sideband S, between har-
monics 2g—1 and 2g+ 1, integrated over all electron ejection
angles (), are given by [3]

Sy4(7) = J dQ|T§;) + T<2:])|2 ca+b

Xcos(2woT+ @rgi1 = Pagot + brger = Orgp). (1)

In this expression, ¢,,+ are the phases of the harmonics
H(2g = 1). The quantities 6, -, usually referred to as atomic
or molecular phases [6,7,14], stem from the second-order
transition matrix elements Zi) corresponding to the absorp-
tion of harmonics 2¢g = 1 accompanied by either the emission
(=) or absorption (+) of one fundamental ir photon, both

paths leading to Sy,
54 = $(kyy|Dln)(n| DI0)

1 1
— +
-1,+ (29 = Dwy-§,

., (2)

—Ip—_i—(x)o—gn

where D is the dipole operator, |0) is the initial state, and
|I€24) is the final continuum state labeled by the momentum of
the outgoing electron (kgq/ 2=~1,+2qw,). The sum is run-
ning over all states (discrete and continuum) |n). The real
part of €, is the energy of |n), while its imaginary part 7 is a
signature of its width: =0 for a discrete state, 7— 0% in the
continuum, and #»=I",/2 for a resonance of lifetime F:l.

In conventional RABBITT measurements, performed
in rare gas atoms presenting structureless continua, A6,
=0,441— bhy_; tends to vanish, and the phases of sideband
oscillations directly provide the phase differences of con-
secutive harmonics. Here, the situation is reversed: we per-
form a RABBITT experiment on N, using harmonics with
known phases in presence of a resonance. The outcome is the
measurement of nontrivial molecular phases 6.

In order to quantify the effect of a resonance on the mo-
lecular phases, we have simulated RABBITT electron spec-
tra by solving the time-dependent Schrodinger equation for a
one-dimensional (1D) electron in a model potential interact-
ing with a perturbative ir pulse and several of its odd har-
monics [Fig. 1(a)]. The potential shape was adapted to get
the same ionization energy as N»(/,=15.58 V) and an au-
toionizing resonant state |r) with energy €,=16.7 eV which
can be reached by the 11th harmonic of a 800 nm laser pulse.
The resonance width I', can be tuned by adjusting the barrier
width L. We show in Fig. 1(b) the molecular phase differ-
ences, extracted from the computed spectra, as a function of
w for a barrier width L=6 a.u. corresponding to a lifetime
I7'=57 fs.

While A6, slightly varies with the ir frequency, A6, is
strongly dependent on the detuning of HI11 relative to the
resonance energy. When HI11 is below the resonance, i.e.,
wp<1.52 eV, there is an important difference between A8,
and A#,4, while when H11 is above the resonance, A6, is
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FIG. 2. (Color online) Photoionization of N, by a comb of high-
order harmonics and influence of the ir field. (a) Spectrum obtained
with harmonics alone. (b) Difference between the photoelectron
spectra obtained with and without the ir probe field.

close to A#,,. This can be understood by looking at Eq. (2).
In the first component of the sum, the term corresponding to
the resonant state becomes dominant over all other states
when —I,+11wy=¢€,, as the real part of its denominator
changes sign. In the limit of an isolated resonance with infi-
nite lifetime (I",=0), this would lead to a 7 jump in the
molecular phase. With a finite lifetime, the imaginary part
I',/2 smoothens the phase variation and reduces the magni-
tude of the jump.

The measurements were performed with the setup de-
scribed in [15]. We used a 20-Hz 50-mJ 50-fs laser system.
The laser beam is split into a generating beam and a delayed
probe beam. The annular generating beam is focused into a
pulsed argon jet and generates an APT. The generating ir is
filtered out and the xuv radiation is focused by a grazing
incidence Au-coated toroidal mirror in a molecular nitrogen
effusive jet. The photoelectrons are detected with a magnetic
bottle time-of-flight spectrometer. The probe beam is focused
together with the xuv in the nitrogen jet and the ir-xuv delay
is adjusted with a piezoelectric transducer.

Figure 2(a) shows a photoelectron spectrum obtained
without the probe field. The energy resolution of the spec-
trometer is maximal in the range 1-3 eV. We have applied
different voltages to the flight tube so that the electrons pro-
duced by different harmonics would be detected in this opti-
mal energy range. We concatenate the spectra to get the high-
resolution spectrum shown in Fig. 2(a). Each spectrum was
averaged over 2000 laser shots.

The harmonics are separated by twice the fundamental
frequency, i.e., 3.13 eV. Each harmonic produces two photo-
electron bands, corresponding to two ionization channels:
one correlated with the fundamental electronic state X 22;
of the Nz ion (I,,:15.58 eV), and the other to the excited
A I, state (1,=16.69 eV). For each harmonic, the integral
of the A band is about 1.8 times larger than that of the X
band, in agreement with measured photoionization cross sec-
tions [16].
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The photoelectron bands show fine structures revealing
the vibrational states of the ion. The A and X states of Nj
have different equilibrium distances [17] and the correspond-
ing bands present different shapes. For the ion ground state
X, in which the equilibrium distance (1.12 A) is about the
same as for the molecular ground state (1.10 A), we observe
a narrow vibrational distribution. By contrast, for the first
excited state of the ion A, the larger equilibrium distance
(1.17 A) results in a broader vibrational distribution. While
there is an overall good agreement between the observed
vibrational populations and the Franck-Condon factors, the X
band produced by H11 runs over more vibrational levels than
expected.

The spectrum of the fundamental laser pulse was centered
at 1.565 eV, leading to a central energy of 17.22 eV for H11
with a spectral width of about 0.15 eV. The photoionization
spectrum of N, shows a resonance within this width, around
17.12 eV [13], which was attributed to the B ZEZ(SdO'g)IEZ
Hopfield Rydberg state [10,12]. It is of particular interest
because it is a “complex resonance,” i.e., it involves a cou-
pling with the highest members of another Rydberg series
converging to the A *ITLv*=2 [10,13].

Such quasibound autoionizing states are known to signifi-
cantly modify the vibrational repartition, transferring part of
the v’ =0 population to higher vibrational states as v'=1, 2,
and 3 [11]. Assuming that the states of the Hopfield series
have the same shape as the B, we calculated the Franck-
Condon factors for a transition from the molecular ground
state to the different vibrational levels of the X state of
the ion, via the first two vibrational levels of a B-like au-
toionizing state. We obtain the following populations for v’
=0,1,2,3:58%,26%,12%,4%. This is in fair agreement
with the measured populations: 58%, 20%, 12%, and 10%.

When the ir probe field is added, sidebands appear be-
tween the harmonics. The sidebands from one ionization
channel partly overlap with the harmonics from the other
ionization channel. In order to unambiguously identify them,
we subtracted the spectra obtained with and without the
probe field [Fig. 2(b)]. The resulting signal is negative where
the ir field has removed some population, i.e., where har-
monics are located, and positive where it has increased the
signal, i.e., where sidebands are. We have labeled each side-
band according to the corresponding photon energy and ion
state.

We scanned the delay between xuv and ir and measured
the phase of the sideband oscillations by fast-Fourier-
transform. This operation was performed for each sideband
and each ionization channel. Different sidebands were mea-
sured with different retarding voltages, here again to achieve
a correct resolution of the vibrational levels. In order to ex-
tract the molecular phase from the phase of the sideband
oscillation [Eq. (1)], one has to remove the difference
©24+1— P21~ This difference is inherent to the harmonic gen-
eration process and is independent of the target gas. It was
measured by RABBITT of the same APT in a reference atom
(argon) whose atomic phases are known from theory [15].
The term ¢, ,,1— @541 Was then subtracted from the sideband
phase to obtain A6,,.

The evolution of Af,, as a function of sideband order is
shown in Fig. 3. For the X channel, sideband 12 shows a
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FIG. 3. Molecular phase difference A6, as a function of the
sideband order for different ionization channels.

remarkable behavior: A6, is —0.357 for v’ =0 and reaches
—0.97 for v’ =1 and v’ =2. This variation in A6, is due to a
phase jump in the two-photon matrix element associated to
the absorption of H11. This phase shift was found to be very
robust even by varying the intensity of the ir probe field by a
factor 3. For the A channel A6, stays small for all sideband
orders, between 0 and —0.27. The absence of signature of the
resonance in this channel is due to a poor coupling of the
autoionizing state with the A continuum [10].

While the signature of the vibrationally dependent influ-
ence of the resonance already appears in the amplitude dis-
tribution of the vibrational states (Fig. 2), these measure-
ments bring additional information on the photoionization
process. Indeed, as shown in Fig. 1, the effect of the reso-
nance on the molecular phase is strongest when the energy of
the harmonic is below the resonance. We can use this infor-
mation to schematically represent the photoionization pro-
cess (Fig. 4). The initial wave packet is projected onto the
first two vibrational levels (v”=0, 1) of the B-like resonance
that are contained within the bandwidth of H11. The central
energy reached by absorption of HI11 (horizontal dotted line
in Fig. 4) is above the v"=0 level so that the molecular phase
is weakly affected by the resonance for this path. On the
other hand, H11 is below the v”=1 level and the molecular
phase presents a phase shift =~ for this path. Franck-
Condon factors show that the population from the v”"=0 of a
B-like state will mainly end in the v’ =0 of the X ionic state,
while the overlap of the v”"=1 is good with the v'=0,1,2
states. Thus, for the X,v'=0 state, the signal is a mixture of
direct and resonant contributions from the v”=0, for which
there is no phase shift, and contributions from the v"=1

B-like
autoionizing
state

Energy

Radial coordinate

FIG. 4. (Color online) Schematic description of the photoioniza-
tion process via the vibrational levels of the autoionizing state.
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which are shifted. The resulting phase is only slightly af-
fected by the resonance. By contrast, for the X,v'=1 and
X,v' =2 states, the contributions from the v”=1 level domi-
nate and there is a strong phase shift. The simple picture
presented in Fig. 4 is schematic since it does not explain why
the phase shift for the v'=1 and v'=2 are equal. This is
probably a signature of the coupling to Rydberg states con-
verging to the A *IL,v*=2.

Our results show that RABBITT is very sensitive to the
location of the one-photon ionization level with respect to
the vibrational states and to the shape of the autoionizing
state potential-energy surface. Thus, it can be used to reveal
subtle information on the phase of the xuv photoionization
process. The observed behavior of the two-photon molecular
phases for different sidebands can be interpreted as a modi-
fication of the electron release time by the presence of the
resonance. In the single xuv photoionization process, this
would correspond to a change in the electron wave-packet
temporal profile, admitting that the ir probe beam does not
significantly perturb this process and does not induce an ad-
ditional phase shift. While this assumption is consistent with
our measurements of molecular phases independent of the
probe beam intensity, it remains to be formally established.

In conclusion, we have used interference of two-photon
transitions to measure the amplitude and phase of electron
wave packets produced by attosecond xuv photonionization
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of N, molecules. We have shown the influence of a complex
resonance on the ionization phase for different vibrational
states of the ion.

A natural extension of our work would be to measure the
photoelectron angular distributions [18]. This would provide
the relative phases between the partial waves constituting the
electron wave packet, which are inaccessible in our angle-
integrated measurement. In addition, tuning the harmonic
wavelength by tuning the ir wavelength [19] would enable us
to measure the phases while scanning the resonance. The
extension of our work to the study of dynamics is quite
straightforward and would give access to the modifications
of the photoionization phase in real time in an excited me-
dium.

Last, we note that our measurement is conceptually close
to coherent control experiments in which phase lags due to
resonances can be measured through the interference of two
paths leading to the same final state [20,21]. The use of com-
bined ir fields and APT opens the possibility to control mo-
lecular photoionization processes and to perform attosecond
xuv coherent control.
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