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Abstract: We experimentally demonstrate a two-color two-photon resonant
excitation of the doubly excited 2p? 'S state in helium atoms by the
combination of 19th and 21st harmonic photons of a Ti:sapphire laser.
Production of the 2p® 'S state is confirmed by the experimental observation
that the electron emission from this state does not depend on the direction of
harmonic polarization. Our ab-initio theoretical results through the solution
of time-dependent Schrddinger equation are consistent with the
experimental results and confirm the first successful production of a doubly
excited state by high-harmonic pulses.
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1. Introduction

Development of ultrashort pulse lasers has led to the generation of coherent extreme-
ultraviolet (XUV) and soft x-ray (SXR) light [1, 2]. Synchrotron orbital radiation (SOR) has
been a unique light source in XUV and SXR spectroscopy for a long time and providing light
with excellent spatial coherence. Indeed study on the relaxation and dissociation dynamics of
atoms and molecules using a one-photon transition by SOR has been one of the main research
issues in XUV linear spectroscopy. Although the usefulness of XUV nonlinear spectroscopy
is rather obvious, to go beyond the linear region is not possible with SOR, since the available
peak intensity is very limited due to the lack of temporal coherence. Alternative light sources
in the XUV or SXR region are based on lasers: The highest photon energy of the high
harmonics generated by ultrashort pulse lasers was extended to 1 keV and free-electron lasers
(FELs) for the XUV region have been developed [3, 4]. Yet, the available intensity is not
sufficient, and as a result, experimental investigation of nonlinear optics in the XUV or SXR
region has been a rather uncharted territory so far.

Further development of high harmonics by femtosecond lasers has paved the way for
XUV nonlinear optics in the last few years [5-10]: Two-photon ionization of helium atoms
was demonstrated using the 9th harmonic of a Ti:sapphire (TiS) laser and applied to the
autocorrelation measurements [5]. Moreover, above-threshold ionization (ATI) was also
observed and attosecond pulses were characterized using the ATI process [9, 11, 12]. Note
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that all these experiments are based on the non-resonant processes in that neither bound nor
autoionizing states are resonantly involved during the ionization processes. If we are to use
XUV pulses from the high harmonics for ultrafast nonlinear XUV spectroscopy, a two-photon
resonant excitation to the final state of interest is greatly desired, since highly excited states of
atoms and molecules, which have tens of eV state energy and cannot be reached by the one-
photon process from the initial state due to the parity selection rule, will be within reach by
the two-photon process.

Although the two-photon excitation to a doubly excited state with a FEL was suggested
recently [4, 13], it was difficult to selectively excite a specific state, since the photon energy
of the FEL was fixed to 38.5 eV. In contrast, high harmonics have multiples of the photon
energy of the fundamental laser up to the cut-off energy [14], and not only one of the
harmonics (one-color two-photon excitation) but a combination of the two (two-color two-
photon excitation) may be used to resonantly excite the final state of interest. Moreover, the
center energy of each harmonic can be shifted by changing the laser chirp. That is, use of the
negatively and positively chirped laser pulses enables us to almost continuously shift (tune)
the center photon energy upwards and downwards, respectively [15]. Because of this practical
tunability of the photon energy, high harmonics are very useful for XUV and SXR nonlinear
spectroscopy of atoms and molecules, etc. Toward this goal, experimental observation of two-
photon resonant excitation of a doubly excited state by high-harmonic pulses would serve as a
cornerstone for ultrafast XUV nonlinear spectroscopy.

In this paper, we report the first experimental observation of two-photon resonant
excitation to the doubly excited state of helium atoms by XUV harmonic photons together
with our ab-initio theoretical results. Here, we focus on the helium atom as a nonlinear optical
medium, since it is the simplest three-body system consisting of an atomic nucleus and two
electrons, which can be rigorously treated in the theoretical description. One of the interesting
properties of helium atoms is the presence of doubly excited states [16-24, 13] All the doubly
excited states of helium atoms are located far above the ionization threshold, and hence they
autoionize. Although the doubly excited states of helium were first observed more than forty
years ago using SOR [17], they are still under extensive investigation because helium is a
proto-type system with electron-electron correlations. Related to our work, optical excitation
of the doubly excited states by XUV attosecond pulses [22, 24] has been theoretically studied
recently.

Figure 1(a) shows the energy diagram of the relevant states of helium atom. In this paper
we focus on the 2p® 'S state, because the excitation energy is 62.1 eV and corresponds to the
summed energy of the 19th and 21st harmonics. The 2p? 'S state is known to decay into a 1ses
continuum state through the autoionization with a lifetime of 140 fs [22], where the notation

MCP
a eVA b —
790 ========== H62++62'
62.1 —2p? 18
0 v
57.9 2g2 1
Marst| 25 ° A

electron ‘

2ag| --LB--- AN He*+e : 48/8 .
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19th A filter

0 ———1s2S He

Fig. 1. (a) Schematic energy diagram of helium atoms. One electron in the 2p® S state is
ejected into the vacuum state (autoionizing electron) with a kinetic energy of 37.5 eV and the
other relaxes to the 1sorbital. (b) Experimental setup to detect a doubly excited state in helium.
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“es" represents the electron in the s continuum with a kinetic energy of £ (>0). Therefore, if
we are able to resonantly excite the 2p? 'S state by two-photon (19th and 21st harmonic)
absorption, we should be able to confirm the process by detecting autoionizing electrons in the
s wave at a kinetic energy of 37.4 eV. In order to confirm the successful detection of
autoionizing &s electrons, we have measured the electron signals with two different
polarization geometries, the detail of which will be explained later in this paper.

2. Experimental

The experimental setup for the two-photon excitation shown in Fig. 1b was as follows: 800-uJ,
30-fs TiS laser pulses at a repetition rate of 1 kHz were focused on a pulsed jet of argon gas;
the gas nozzle was positioned after the laser focus so that we can attain a good phase matching
for high harmonic generation [25]. The peak intensity for high-harmonic generation was 2.5 x
10" W/cm?. The photon energies of high harmonics were adjusted by changing the amount
and sign of the chirp through the pulse compressor of the TiS laser system. The 19th and 21st
harmonics were separated from the fundamental laser by an Al filter and then focused into
helium atoms by a concave Sc/Si multilayer mirror with a focal length of 5 cm. The center
wavelength of this mirror was 42 nm with a 4-nm bandwidth. The kinetic energy of the
ejected electrons was analyzed by a time-of-flight-type electron spectrometer with a magnetic-
bottle to have a wide detection angle. We have applied an electric field to the flight tube to
slow down the fast electrons, which results in the improvement of energy resolution. From the
temporal widths of the electronic trigger pulses, the energy resolution of the detector around
37 eV was estimated to be 420 meV. As we have already mentioned and will explain more in
detail later in this paper, light polarization is a very important parameter to confirm the
resonant excitation to the doubly excited 2p? 'S state. Therefore, the direction of linear
polarization of the high-harmonic pulses was rotated by the rotation of linear polarization of
the fundamental laser beam with a half-wavelength plate. Since the &p electrons produced by
one-photon ionization with high harmonics obey the cos®@ distribution law where @is a polar
angle between the polarization direction of the harmonics and the detection direction, we can
estimate the collection angle of the electron detector by measuring the ep electrons for the two
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Fig. 2. Spectra of the 19th and 21st harmonics of a TiS laser pulse with different center photon
energies. The hatched areas indicate the spectral components that contribute to the two-photon
excitation to the 2p® 'S state.
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polarization geometries, i.e., parallel and perpendicular linear polarization with respect to the
detection direction. The intensity ratio of the ep electrons signal for the parallel and
perpendicular linear polarization geometries was found to be 3.0 £ 0.1, from which we
estimated the collection polar angle as about 58 degrees. We accumulated the electron signal
for 4 hours for each spectrum.

Figure 2 shows the spectra of the 19th and 21st harmonics used for the experiment. The
hatched areas in the spectra indicate the spectral components which could, according to the
law of energy conservation, presumably contribute to the resonant excitation of the 2p® 'S
state. Since the center energies of the spectra in Fig. 2(b) are slightly shifted to the lower
energy than those in Fig. 2a, only 60% energy of the 19th harmonic is expected to participate
in the two-photon excitation for the case of Fig. 2(b).

3. Observation of the doubly excited state

Using these high-harmonic pulses, the electron spectra of helium for the Kinetic energy
between 28 and 42 eV were measured and are shown in Figs. 3a and 3b with error bars which
correspond to the harmonic spectra in Fig. 2a and 2b, respectively. In Figs. 3a and 3b the solid
and broken lines represent the results for the parallel and perpendicular linear polarization
geometries, respectively. Although the 37th to 41st harmonics are far out of the designed
reflectance bandwidth of the Sc/Si mirror and must be already extremely weak at the target,
the huge peaks by those harmonics appear in the spectra, since they originate from the one-
photon processes. Nevertheless, the signal with a kinetic energy of about 37 eV, shown by the

Excitation Energy (eV)
566 58.6 606 626 646 66.6
T T T T

52.6 54.6
T

|
— Parallel’ |
| [ eeseses Perpendicular
|

S
4

Electron Yield (arb. units)

Kinetic Energy (eV)

Fig. 3. (a) and (b) Electron spectra of helium atoms excited by the 19th and 21st harmonics
with spectra of Fig 2a and 2b, respectively. The solid and broken lines with error bars indicate
the electron spectra observed in the directions parallel and perpendicular to the light
polarization, respectively. The vertical solid lines indicate the expected center kinetic energies
of the autoionizing electrons from the 2p? 'S state. The hatched area corresponds to the
autoionizing electrons ejected from the 2p* 'S state together with the 37th, 39th, and 41st
harmonics.
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hatched area in Fig. 3(a), seems to originate from the two-photon resonant excitation of
doubly excited 2p? 'S state, which must be confirmed. Here, the hatched area cannot come
from the two-photon processes involving one harmonic (39th or 41st) photon and one
fundamental photon. If that were the case, sidebands would have been appeared by the huge
one-photon ionization peaks.

We have confirmed the excitation of the 2p® 'S state by two completely different
experimental methods as we explain below: In the first confirmation method, we utilized the
two different harmonic spectra shown in Figs. 2(a) and 2(b), and checked the change, if any,
of the electron spectra shown in Figs. 3(a) and 3(b). As we have already mentioned, the
excitation efficiency of the 2p? 'S should become smaller when we employ the harmonics
with the spectra shown in Fig. 2b, because the spectral intensity that can participate to excite
the 2p? 'S state was reduced to 60%. Consistent with this argument, the number of electrons
with a Kinetic energy of about 37 eV indeed decreased, as shown in Fig. 3(b). It is difficult,
however, to quantitatively estimate the decrease because of the overlap of the relevant two-
photon signal with the one-photon signal by the 39th and 41st harmonics. In the second
confirmation method, we made use of the angle-dependence of the ejected electrons by the
one- and two-photon processes. Since the 2p? 'S state necessarily decays into the 1ses
continuum state through autoionization, the ejected electrons are the &s electrons with an
isotropic spatial distribution upon ejection. This means that the two-photon resonant signal
has no polarization dependence, which is indeed what we find in Fig. 3. In contrast, one-
photon ionization results in the ejection of ep electrons which now obeys the cos?@
distribution law and hence exhibits polarization dependence for our finite detection angle
(about 58 degrees as estimated before). This clearly shows that we have successfully
demonstrated the two-photon resonant excitation of the doubly excited 2p? 'S state by
harmonic photons.

4. Comparison with ab-initio theory

For further confirmation, we have also undertaken ab-initio theoretical calculations by solving
the time-dependent Schrodinger equation (TDSE) for the helium atom with two active
electrons [26, 27]. Briefly, the computational procedure can be summarized as follows: First,
we construct the two-electron states of helium by diagonalizing the two-electron Hamiltonian
with more than 7000 configurations for the S, P, and D symmetries in a spherical box of 1000
atomic units. Then, we expand the time-dependent two-electron wavefunction under the
harmonic field as a superposition of two-electron states multiplied by time-dependent
expansion coefficients. Thus, the TDSE is reduced to a set of first-order differential equations
for the time-dependent expansion coefficients. The number of first-order differential equations
we solve is 8000. As for the field, the harmonic field is assumed to contain two main
components corresponding to the 19th and 21st harmonics, and three subsidiary components
corresponding to the 37th, 39th, and 41st harmonics. However, as our experimental results in
Figs. 2 and 3 indicate, photon energies of the subsidiary harmonics seem to have shifted since
these harmonics are produced in the argon gas under the presence of lots of electrons due to
ionization. To phenomenologically account for the shift, we have shifted the photon energies
for the three subsidiary harmonic components. Thus the harmonic photon energies employed
in the calculations are 29.45 eV and 32.5 eV for the main harmonics, and 55.48 eV, 59.31 eV,
and 63.23 eV for the subsidiary harmonics, respectively. It is also very likely that the
harmonics are negatively chirped, since they are produced under the presence of lots of
electrons. To account for the possible chirp, the harmonic pulse is assumed to have a cosine-
squared temporal envelope function with a 4 fs (FWHM) duration with a linear negative chirp
[28], which has a spectral bandwidth of the transform-limited 2 fs pulse. The peak intensities
employed in the calculations are 3.8x10° W/cm? and 1.2x10° W/cm?, respectively, for the
main (19th and 21st) harmonics, which were estimated from the experimentally measured
pulse energies and the beam diameters. Because the pulse energies of the three subsidiary
harmonics were too weak to measure, we temporarily assumed that they are approximately
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<10° of the 19th harmonic. In order to obtain the electron spectra comparable to the

experimental ones, we have slightly scaled the one-photon peaks for each subsidiary harmonic
component.

The solid and broken lines in Fig. 4(a) represent the calculated electron spectra associated
with the two-photon absorption followed by the electron ejection into the s and d waves,
respectively. For clarity, in Fig. 4a, we have omitted the electron signals originating from the
one-photon processes by the subsidiary harmonics. Some of the distinct resonant peaks, such
as 25’ 'S at 57.84 eV, 2p” 'D at 59.90 eV, 2p* 'S at 62.10 eV, and 2s3s 'S at 62.96 eV, are
labeled in Fig. 4(a). To be more realistic, we now include the electron signals originating from
the one-photon processes by the subsidiary harmonics, and applied a window function with a
420 meV width of the Gaussian function. After taking into account the anisotropic and
isotropic spatial distribution of the electron ejection by the one- and two-photon ionization,
respectively, the calculated results are shown in Fig. 4(b) for the parallel and perpendicular
linear geometries. Because of the huge peaks induced by the 37th, 39th, and 41st subsidiary
harmonics, some of the peaks associated with the two-photon processes shown in Fig. 4a are
buried in Fig. 4b. Nevertheless, the peak associated with the resonant two-photon excitation of
the doubly excited 2p* 'S state can be clearly seen in Fig. 4(b). This theoretical finding is quite
consistent with the experimental results in Fig. 3(a), and again we have confirmed that the 2p*
1S state has been successfully excited through the two-photon resonant processes.
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Fig. 4. (a) Calculated electron spectra through the two-photon excitation by the two main (19th
and 21st) harmonics. The solid and broken lines represent the electron signal into the esand ed
waves, respectively. (b) Calculated electron spectra by the two main harmonics and three
subsidiary (37th, 39th, and 41st) harmonics under the parallel (solid line) and perpendicular
(broken line) linear polarization geometries. In Fig. 4b, detection angle and the energy
resolution of the electron spectrometer have been taken into account.
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5. Summary

In summary, we have experimentally demonstrated the two-color two-photon resonant
excitation of the doubly excited 2p? 'S state in helium by the combination of the 19th and 21st
harmonics from the TiS laser. We have also performed the ab-inito theoretical calculations
and found a good agreement with the experimental results. Our results can serve as a doorway
toward ultrafast XUV nonlinear spectroscopy in that highly excited states of atoms and
molecules, which have never been accessed by the one-photon process via SOR due to the
parity selection rule, will become within reach by the two-photon process.
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