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Abstract. A pump-probe technique has been applied for measuring the lifetimes and absolute photoion-
ization cross-sections of excited He states. The 1s2p 'P and 1s3p 'P states of He are excited by using
the 13th and the 14th harmonic, respectively, of a tunable 70 ps dye laser generated in a Kr gas jet. The
states are ionized after a varying time delay, by absorption of probe photons with energies between 1.6
and 4.5 eV. Lifetimes of 7(1s2p) = 0.57 ns and 7(1s3p) = 1.76 ns are determined with a precision of
about 15%. A significant enhancement of the number of ions present in the lifetime curves at zero time
delay for pressures above 6 x 1075 mbar is attributed to direct two-photon ionization of He in combination
with AC Stark broadening of the excited state and absorption of the XUV light in the medium. Absolute
photoionization cross-sections from the He 1s2p 'P and He 1s3p P states in the threshold region are
determined by measuring the saturation of the ionization process with a precision of ~ 25%. In addition,
the variation of the relative orientation between the polarization vectors of the pump and probe beams
enables the determination of partial photoionization cross-sections.

PACS. 32.70.Cs Oscillator strengths, lifetimes, transition moments — 32.80.Fb Photoionization of atoms

and ions — 42.65.Ky Harmonic generation, frequency conversion

1 Introduction

Two-photon pump-probe experiments combining an XUV
and an UV /visible photon source have shown to be ide-
ally suited for studying the excitation and relaxation of
excited states in atoms and molecules. In particular, the
application of short pulse light sources offers the possibil-
ity to follow the temporal evolution of the excited states,
which decay by radiative or nonradiative transitions with
lifetimes ranging from the femtosecond to the nanosecond
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range. As an example, the two-photon excitation scheme
of atomic He is presented in Figure 1. Here the XUV pho-
ton is used to prepare in a controlled and well-defined way
a specific excited state. The time-dependent population
decay of this state is then probed by a second time-delayed
photon inducing photoionization.

Experiments combining synchrotron radiation and
conventional continuous-wave lasers have mainly concen-
trated on laser-excited atoms where the outer electron is
manipulated by the laser light (e.g. [1,2]). Only a few stud-
ies have been undertaken to extend these type of exper-
iments to time-resolved measurements by synchronizing
a pulsed, mode-locked, laser to the MHz repetition rate
of the synchrotron radiation pulses [3,4]. The dynamical
range of these studies is mainly determined by the tem-
poral widths of the synchrotron pulses (from 500 ps to
30 ps for second and third generation synchrotron radia-
tion sources, respectively) and the interpulse distance (up
to some hundreds nanoseconds). The recent developments
in the generation of high-order harmonics in rare gases
by an intense, pulsed laser have established this radia-
tion as an alternative excitation source. Although in gen-
eral limited in tunability and energy range with respect
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Fig. 1. Energy level diagram of He indicating the atomic states
and the two-color ionization schemes involved in the lifetime
and photoionization cross-section measurements.

to synchrotron radiation, the high-order harmonics offer
the advantages of being of short pulse duration (in the
picosecond or femtosecond range) [5], as well as being
naturally synchronized to laser pulses. Pump-probe ex-
periments using high harmonics can therefore be consid-
ered as pioneer studies and showcases for experiments,
which are presently planed and discussed in connection
with the new, linear accelerator based short-wavelength
Free-Electron-Lasers [6].

From a scientific point of view, the results of a pump-
probe study where a state is prepared by absorption of the
pump pulse and ionized by absorption of a probe pulse,
provide knowledge about (radiative or nonradiative) life-
times as well as excitation- and ionization cross-sections.
This knowledge is essential for many fundamental inves-
tigations, for example the characterization of plasmas [7],
the interpretation of astrophysical spectra, the modelling
of stellar properties [8] and the understanding of photo-
chemical processes in the atmosphere [9].

Radiative lifetimes can be measured by a vari-
ety of methods [11]. For measurements of short (sub-
nanosecond) lifetimes of states lying in the VUV/XUV
region of the spectrum, the most appealing method is the
pump-probe technique using a short harmonic pulse for
the excitation and a short laser pulse for the detection.
To demonstrate the capability of this technique, Larsson
et al. [12] have determined the 0.57 ns lifetime of the He
1s2p 'P state with an accuracy of 5%. The technique
has also been applied to lifetime measurements of ex-
cited states of CO [13] and Ny [14]. A similar setup, using
pump/probe pulses in the 100 fs range and photoelectron
spectroscopy to monitor the decay has been used to study
dissociation of Rydberg states in acetylene [15].

Gisselbrecht et al. [16] have shown that pump-probe
excitation schemes can also be used to determine absolute
photoionization cross-sections for excited states by vary-
ing the pulse energy of the probe at a fixed time delay. Ab-
solute values for the photoionization cross-section in the
near-threshold region have been obtained for the 1s2p 'P
and 1s3p 'P states of He for three different photon ener-

gies of the probe. These results represent the first system-
atic investigation of the energy dependent photoionization
cross-section of excited He states and are found to be in
good agreement with theory [17,18]. Other recent absolute
excited-state photoionization cross-section measurements
have concentrated on the heavier noble gas elements [19].
The present paper is a follow-up and extension of the
studies in helium presented in [12,16]. We present in de-
tail the pump-probe technique used for measuring the life-
time of excited states of He and for the determination
of their absolute photoionization cross-sections. The main
objective is to demonstrate the originality of the tech-
nique and to discuss some specific results obtained in the
pump-probe experiments on atomic He. Furthermore, we
have investigated an experimental peculiarity induced by
direct two-photon ionization of He in combination with a
significant absorption of the XUV light in the medium. It
leads to a strong increase in the number of ions at zero
time delay between the pump- and the probe-pulses and
can severely affect the determination of short lifetimes.
Finally, an extension of the method is presented showing
that also partial (absolute) photoionization cross-sections
can easily be determined by making use of the well-defined
polarization characteristics of the high harmonics.

2 Experimental approach
2.1 Laser system

A schematic presentation of the experimental setup, com-
mon to the lifetime- and photoionization cross-section
measurements, is shown in Figure 2. The tunable laser
pulses needed for the resonant excitation of the 1s2p
'P and 1s3p 'P levels of He are generated by a dis-
tributed feedback dye laser (DFDL) similar to that de-
scribed earlier [20,21]. The oscillator consists of a dye cell
in which a dynamic (Bragg) grating, i.e. a periodic varia-
tion of the inverse population and refractive index, is cre-
ated by two interfering pump beams. A Nd:YAG pump
laser beam (532 nm, 10 Hz, 70 ps) is focused into the
dye cell by a cylindrical lens after being diffracted from
a 1200 lines/mm holographic plane grating. The beams
diffracted in the +1 and —1 orders are recombined in the
dye cell by two mirrors and a prism (see Fig. 2), providing
the feedback for radiation at a wavelength equal to half the
period of the induced grating. The DFDL wavelength is
given by Aaye = Apns/ sinfr,, where A, is the pump wave-
length, ng the refractive index of the dye solution and 6y,
the angle between the incident laser beams and the nor-
mal to the surface of the dye cell. The wavelength of the
radiation can be tuned by turning the mirrors, thus alter-
ing 0, or, on a finer scale, by changing the temperature
of the dye cell, thus modifying the refractive index.

The advantage of an oscillator with distributed feed-
back consists in the production of close to Fourier-
transform limited picosecond laser pulses, which can eas-
ily be tuned in wavelength [20,21]. In the experiments
presented here, the pulse duration of the DFDL is about
70 ps. The absolute wavelength (in the near infrared region
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Fig. 2. A schematic presentation of the experimental set-up. A detailed description is given in the text.

around 750 nm) is measured with a wavemeter (Burleigh)
to an accuracy of about 0.01 nm. The output from the
DFDL oscillator is amplified to ~1.5 mJ/pulse through
two dye cell amplifiers pumped by the 70 ps Nd:YAG
pump laser. Further amplification of the DFDL output
to ~35 mJ/pulse is obtained by five passages through
a Ti:sapphire butterfly amplifier pumped with 400 mJ
pulses from a second Nd:YAG laser (532 nm, 10 Hz, 10 ns).

2.2 Probe beam

Part of the output of the picosecond Nd:YAG laser is
used to generate probe pulses at different photon energies
through wave-mixing processes. The wavelengths used in
the cross-section measurements are indicated in Figure 1.
For the lifetime measurements of the He 1s2p 'P and 1s3p
P states, probe wavelengths of 355 nm and 532 nm, re-
spectively, are used. The probe beam passes through a
delay line on its way to the interaction region (see Fig. 2)
allowing for variation and control of the time-delay be-
tween pump and probe pulses. A halfwave plate enables
the rotation of the polarization vector of the linearly po-
larized laser light with respect to that of the harmonic
beam.

In the cross-section measurements, the probe energy,
measured with a power meter, is varied from a few to a few
hundreds pJ. The uncertainty in the energy determination
is estimated to +£15%. In the lifetime measurements, the
probe energy is set to a value around the saturation of
the ionization process (~ 100 uJ, i.e. some 104 photons
per pulse). This implies that approximately all the atoms
excited in the interaction region (about 10 to 1000) are

ionized by the probe beam. The probe pulse duration is
measured by a streak camera to be about 70 ps.

The probe beam intersects the harmonic (pump) beam
at a 45° angle in the interaction volume of the vacuum
chamber. It is focused with a f = 30 cm lens a few cm
in front of the interaction region. The determination of
the photoionization cross-section in absolute value, based
on the saturation of the ionization step [22] (see below),
requires the characterization of the spatial profiles of the
probe (and pump) beam in the interaction region. A beam
splitter is therefore placed between the lens and the vac-
uum chamber and a small fraction of the probe beam is
sent onto a CCD camera chip installed at the same dis-
tance from the beam splitter as the interaction region.
A diameter of about 100 um is determined for the probe
beam in the interaction region, corresponding to an inten-
sity of 5 x 108 W /cm?. This intensity is too low to induce
any significant multiphoton ionization.

2.3 Pump beam

For excitation of the He 1s2p 'P state at an energy of
21.22 eV, the DFDL is tuned to the wavelength Agye =
759 nm. The beam is focused into a Kr gas jet with
a lens of 12 cm focal length. The intensity is about
~5 x 10 W /cm? at the beam waist. High-order harmon-
ics are emitted on axis, separated by a normal incidence
1200 lines/mm spherical grating and detected by an elec-
tron multiplier tube (see Fig. 2). A typical spectrum is
presented in Figure 3a showing odd harmonics up to the
21st order. By tuning the DFDL wavelength which causes
also a variation in the photon energy of the harmonics,
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Fig. 3. Typical spectrum of high-order harmonics generated
with (a) the fundamental wavelength of the DFDL and (b) the
fundamental and the second harmonic. The range of tunabil-
ity obtained for the 13th harmonic using the dye LDS751 is
indicated.

and by selecting different harmonics with the grating, a
quasi-tunable XUV source is available for the experiments.
The tunability range for the 13th harmonic, which is se-
lected to excite the He 1s2p P state, is indicated by an
arrow in the figure.

A slightly different approach is used to excite the He
1s3p 'P resonance at 23.09 eV. The laser is tuned to
a wavelength Agye = 753 nm and frequency doubled in
a type II KDP crystal. Both the fundamental and the
second-harmonic pulses are focused into the Kr gas jet.
The beam walk off in the doubling crystal is negligible
for the picosecond pulses used in these experiments. The
resulting spectrum (Fig. 3b) contains therefore both even
and odd harmonics of the fundamental frequency, which
result from different wave-mixing processes. This tech-
nique allows us to increase the tunablity range. The 14th
harmonic is selected to excite the He 1s3p 1P state.

A 2 mm wide slit is used to select the desired harmonic
without intercepting it, blocking the fundamental beam
and all the other harmonic orders. The number of 13th (or
14th) harmonic photons present in the interaction cham-
ber is determined with a calibrated XUV-sensitive diode
placed after an aluminum filter to about 5 x 10% per pulse.
The transmission of the grating is at best 10%, meaning
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Fig. 4. Distribution of the 13th (open squares) and 14th (filled
circles) harmonic signals for a given pump energy.

that at least 5 x 107 photons are generated at each laser
shot.

Due to the non-linear process for the production of
high-order harmonics the harmonic photon flux exhibits a
significant shot-to-shot variation. Figure 4 shows the rel-
ative fluctuations for the 13th and 14th harmonics. The
distributions can be characterized by a Gaussian profile
with a full width at half maximum of about 20-30% of the
mean value. For the 14th harmonic a slightly larger varia-
tion is observed, indicating more fluctuations in the region
close to the cut-off of the harmonic generation spectrum
(see Fig. 3b). In most experiments, it is therefore necessary
to integrate over a sufficiently large number of pulses in
order to compensate for these intensity fluctuations. Typ-
ical integration times vary from one to twenty minutes for
each data point. Alternatively, it is possible to monitor at
10 Hz repetition rate the intensity of the pump and probe
beam as well as the ion signal for each individual pulse.
In this way a “shot-rejection” filter can be introduced al-
lowing us to select only those events, which are produced
in a well-defined intensity range of the excitation sources.

In order to determine the spatial profile of the pump
beam, the number of ions produced (for a given probe)
are recorded as a function of the vertical position of the
lens used to focus the probe beam. The curve obtained
is proportional to the convolution of the probe and the
pump spatial profiles. The harmonic beam diameter is es-
timated to about 500 pum in the interaction region. The
pulse duration of the 13th harmonic is measured with an
XUV streak camera to be ~30 ps.

The bandwidth of the harmonics is determined by
measuring the He™ signal, which is induced by the two-
step excitation, as a function of the DFDL wavelength in
the region around the He 1s2p 'P resonance. The result-
ing spectrum recorded at a fixed pump-probe delay (taken
at a delay of 230 ps) for the 13th harmonic is presented
in Figure 5. The solid line is a Gaussian fit to the ex-
perimental data points, from which a full width at half
maximum of 3.5 pm (1.3 meV) is deduced. Due to the
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Fig. 5. Excitation spectrum of the He 1s2p 'P state. The
total number of ions produced by the two-photon excitation is
recorded as a function of the photon energy of the pump beam.
The spectrum shows essentially the spectral profile of the 13th
harmonic.

Doppler-broadened width of 0.13 meV for the He 1s2p 'P
level, this value represents essentially the spectral width
of the harmonics.

2.4 lon detection

The interaction region defined by the intersection of an ef-
fusive He gas jet and the photon beams is surrounded by
two grids separated by about 2 cm. The ions produced are
extracted from this region by applying a 1 kV potential
difference and accelerated towards a 70 cm-long field-free
flight tube, which is terminated with an electron multiplier
tube (EMT). The He™ ions are selected with respect to
their time of flight by using the signal from the harmonic
pulses as a start trigger. No Het ions are detected when
only one of the photon beams is present in the experimen-
tal chamber. The background pressure in the experimental
chamber is below 1x10~% mbar without the gas jet. The
He gas is introduced through a 500 pm orifice which can
be operated in a pulsed mode, but is usually used with a
continuous flow. During the experiments the background
pressure is increased to values between some 1076 and
1 x 10~* mbar.

3 Lifetime measurements

In a first type of application, the described set-up is used
to determine the lifetimes of excited states by changing
in a controlled way the temporal delay between the pump
(XUV) and the probe (UV-visible) pulse. Typical decay
curves of the He 1s2p 'P and 1s3p P states are displayed
in Figures 6a and 6b, respectively, showing on a logarith-
mic scale the number of He™ ions as a function of the
delay time. The photon energy of the probe laser is cho-
sen to ionize the excited 1snp 'P states in the region close
to threshold, thus optimizing the ionization cross-section
and preventing the ionization of lower-lying He 1sns 'S
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Fig. 6. He™ ion signal as a function of the temporal delay be-
tween the pump and the probe pulse. (a) Decay curve recorded
upon excitation of the He 1s2p 'P state at a static pressure of
7 x107% mbar; (b) upon excitation of the He 1s3p 'P state at
2 x 107° mbar.

states, which can be populated by radiative relaxation.
For the He 1s2p 'P resonance, we use a probe energy of
3.5 eV (355 nm). For the He 1s3p 'P resonance, the probe
photon energy (2.2 eV, 532 nm) is high enough to ionize
also those atoms which have relaxed to the He 1s3s 'S
state lying only 0.16 eV below the 1s3p 'P state. How-
ever, the influence on the measurements is estimated to
be very small, because the radiative transition to the He
152 1S ground state is by far the dominant process. Only
less than 0.1% of the 1s3p 'P excited states are estimated
to decay to the 1s3s 'S level.

The decay curves (Fig. 6) show clearly that the loga-
rithm of the signal varies linearly with the delay time over
more than 4 lifetimes (2 ns) allowing us to determine the
lifetime with good accuracy. The measurements yield life-
times of 0.57 £0.03 ns for the 1s2p state and 1.76 0.1 ns
for the 1s3p state, in good agreement with previous data
having about the same level of precision [23].

In some conditions, we find that the exponential decay
characteristic of lifetimes measurements can be perturbed
by a significant enhancement of the number of ions at very
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short time delays. Since this enhancement requires that
the pump and probe beams overlap in time, we attribute
it to a “direct” two-photon ionization process. Two mea-
surements for the He 1s2p excited state, are presented
in Figure 7. When increasing the He gas pressure from
6x10~° mbar (open circles) to 1 x 10~# mbar (solid circles)
the general form of the decay curves changes drastically.
At long time delays (> 200 ps) both curves show the same
exponential decrease indicating that the lifetime of the in-
termediate state is not affected by the increase of pressure.
On the other hand the signal obtained at high pressures
is reduced for time delays longer than 200 ps and shows
a significant increase (“spike”) around zero pump-probe
delay. This effect can strongly affect the determination of
short lifetimes, comparable to the temporal width of the
photon pulses.

In order to gain more insight in the underlying mech-
anism for the spike, the ion signal has been measured as
a function of the gas pressure at two different time de-
lays: 0 ps (“on-spike”, filled squares) and 230 ps (“off-
spike”, open circles), as shown in Figure 8. At low He
densities (< 3 x 107° mbar) both signals increase lin-
early with the gas pressure. For pressures higher than
5x 1075 mbar the “off-spike” signal is strongly reduced in-
dicating the influence of absorption of the exciting XUV
pump pulse. This absorption is caused by the propaga-
tion of the harmonic beam through a rather long pathway
in the vacuum chamber containing a non-negligible quan-
tity of He gas. In contrast, the “on-spike” signal increases
up to ~ 6 x 10~* mbar and then saturates. An additional
mechanism compensates the loss in efficiency for the pump
process.

The results shown in Figures 7 and 8 can be under-
stood by a combination of absorption of the XUV photons
in the He gas and AC-Stark broadening of the 1s2p state
at zero time delay, when both pulses are present in the in-
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Fig. 8. He™" ion signal as a function of pressure at zero time
delay (squares) and at a time delay of 230 ps (circles).

teraction volume. Only the spectral region corresponding
to the Doppler-broadened profile is affected by absorption
outside the interaction region, and a “hole” is burned in
the harmonic profile (the harmonic width is much broader
than the Doppler width, as discussed in Sect. 2.3). This
leads, in general, to a reduced efficiency in the ionization
process. When the pump and probe pulses overlap in time,
however, the Stark-broadening of the absorption profile al-
lows also excitation by photons of slightly different photon
energy. As a consequence, the ion signal is enhanced and
the decay curves exhibit a “spike” as a function of time
delay. The conditions necessary for the observation of the
“spike” are thus: (i) a probe intensity sufficiently high to
induce a significant broadening of the 1s2p level and (ii) a
significant absorption of the XUV pulse by He gas before
reaching the overlap region.

The observations can be approximately accounted for
by a rate-equation model [24-26] based on the following
equations:

dN,
— = —2(t)N, 1
e = —0()N, (1)
= (N~ V(N ~ AN, (2)
dnN;

* =TV ()N,

o=V Q

Ng(t), Ny(t) and Nj(t) represent the ground state, reso-
nant excited state and ion populations. I'VV (¢) is the ion-
ization probability of the resonant level due to the probe
beam, which depends on the delay between probe and
pump pulses, A, the inverse of the radiative lifetime, and
£2(t) the rate for excitation from the ground to the ex-
cited state. We here assume a small population transfer
to the exited state, so that stimulated emission back to
the ground state can be neglected. Using the measured
ionization cross-section from the 1s2p state with a photon
energy of 3.5 eV (355 nm) o = 16.6 Mbarn (see [16] and
Sect. 4), we have I'VV(0) = 13 ns~! at zero time delay, for
a probe intensity I = 5 x 108 W/cm?. This implies that



A. Johansson et al.: Two-color pump-probe experiments in helium using high-order harmonics 9

1.0 -

08 -

06 -

04 -

lon signal (arb. units)

02

0.0 -

Wavelength (nm)
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broadening and a shift to the AC Stark effect.

the transition is almost saturated (I'VV(0) x 7VV = 0.9,
where 7UV is the pulse duration of the UV probe pulse).
As pointed out above, absorption in He gas reduces the
number of XUV photons available for excitation. However,
the number of useful photons, and therefore the excitation
rate £2(t) is less reduced when pump and probe overlap in
time, since the absorption profile is broadened in pres-
ence of the probe pulse. We take this effect into account
in a phenomenological way by multiplying for each pump-
probe delay the (Stark-broadened) Lorentzian profile with
the exponential absorption factor of the Beer-Lambert’s
law, using the wavelength-dependent field-free Lorentzian
absorption cross-section in the exponent. The excitation
rate (2(t) is proportional to the integral of the Stark-
broadened “hole-burned” transition profile, and thus de-
pends on the time delay between probe and pump pulses.
equations (1-3) can then be solved numerically to yield
the ion signal N;(t).

Results obtained for pressures of 2.5 x 10728 and
1 x 107 mbar are shown as the dashed and solid lines
in Figure 7, respectively. The overall agreement between
experimental data points and the simulations is quite
reasonable, although the development of the “spike” is
predicted by the rate-equation model to occur at some-
what lower pressure than found experimentally. This indi-
cates that absorption should be treated in a more correct
fashion, requiring the combined solution of Schrédinger’s
and Maxwell’s equations. Our model, however, is capa-
ble of predicting the essential features of the observations.
The influence of radiation trapping and pressure broaden-
ing [10,27] can be considered insignificant in the present
experiment due to the low harmonic photon flux and given
the pressure-independent slopes of the decay curves in Fig-
ure 7.

The influence of the Stark-broadening can also be ob-
served by measuring directly the He 1s2p 'P resonance
profile using a fixed photon energy of the probe (Fig. 9).
When the temporal delay is chosen to be 230 ps (open cir-

cles), the resonance profile reflects the spectral width of
the harmonics and allows us to characterize the harmonic
radiation source (¢f. Sect. 2.3). When the two beams over-
lap in time (filled squares), the spectral profile is sub-
stantially broadened and slightly shifted to higher ener-
gies. The probe intensity used for this measurement is
estimated to 5 x 108 W/cm?. A fit to the experimental
data with a Gaussian profile (dashed line) gives a FWHM
(full width at half maximum) of 5.7 pm (2.0 meV) and a
shift towards shorter wavelengths of 0.3 pm (0.11 meV).
The ionization width can be calculated to be 5.6 pm, in
very good agreement with the experimental observations.
The experimental shift of 0.3 pm is higher than that mea-
sured at higher probe wavelength (292 nm) by Eikema and
coworkers [28], equal to 0.015 pm for our probe intensity.
Although the investigated effect is rather an arte-
fact to avoid in lifetime measurements, it opens the way
to new phenomena, which can be studied in a (1+1)-
photon setup, like cross-correlation measurements or cou-
pling between autoionization states. With the advent of
new sources delivering intense and ultrashort VUV pulses
together with synchronized IR/visible pulses detailed in-
sights into the coupling and interactions between electrons
and photons can be obtained. In particular, these experi-
ments will allow one to obtain complementary information
on the dynamics of the fast Auger decay as well as of the
electronic correlations in the ionization continua.

4 Photoionization cross-section
measurements

For measurements of the photoionization cross-section of
the excited He 1s2p and 1s3p states [16], the pump-probe
delay is set to 230 ps in order to completely separate the
excitation and ionization steps, thus avoiding processes
arising from the temporal overlap of both excitation pulses
(¢f. Sect. 3). Pump and probe pulses are sufficiently short
that the spontaneous decay of the excited states during
the excitation and ionization processes can be neglected.
The photoionization cross-section can be determined by
recording the number of He' ions, for fixed photon ener-
gies of the pump and the probe beams, as a function of
energy in the probe beam, i.e. the number of probe pho-
tons. A typical experimental result obtained for He 1s2p
with a probe wavelength of 355 nm is presented in Fig-
ure 10. The ion signal varies first linearly with the probe
energy (see dashed line), and then saturates, because the
ionization probability in the interaction region is close to
one. The number of ions produced is proportional to [16]

Ni X /Rpump (]- — €Xp (*O—ioanrobe)) d‘/v (4)

where Rprobe (Rpump) is the space-dependent number of
probe (pump) photons per unit area and ojo, the ioniza-
tion cross-section, which depends on the polarization of
the probe relative to the pump. For a given pump energy,
the saturation of the ion signal depends only on the prod-
uct ionRprobe. Knowing the spatial profiles of both the
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Fig. 10. He' ion signal as a function of the energy of the
probe pulse. He atoms are prepared in the He 1s2p excited
state and the probe laser is set to a wavelength of 355 nm. The
dashed line indicates the linear, unsaturated regime. The solid
line represents a fit to the experimental data using a three-
dimensional integration as discussed in the text.

Table 1. Absolute photoionization cross-sections for the 1s2p
'P and 1s3p 'P state for different probe wavelengths (excita-
tion energies). We also indicate the corresponding excess en-
ergy (energy above threshold) Eexc. The experimental values
are obtained using a parallel orientation between the polariza-
tion vectors of the pump and the probe beams.

Excited state  Aprobe(nm)  Fexc(eV) o) (Mb)

1s2p 'P 355 0.12 16.6
266 1.29 6.6

1s3p 'P 752 0.15 24.4
532 0.83 10.5
355 1.99 4.2

pump and the probe beams, as well as the energy in the
probe beam, the absolute value of the ionization cross-
section is determined by fitting the experimental data to
the three-dimensional integral in equation (4), using gion
as a free parameter. Due to volume effects, the number
of ions continues to increase as a function of the probe
energy, even far into the saturation regime (see Fig. 10).
The experimental results for the determination of the
absolute cross-section of the excited He 1s2p and 1s3p
states, using a parallel orientation between the polariza-
tion vectors of the pump and the probe beam, are sum-
marized in Table 1. The extracted numbers illustrate the
strong dependence of the photoionization cross-section for
the excited He 1snp states in the region close to the ion-
ization threshold. In addition, the photoionization cross-
section is larger for n = 3 than for n = 2 at the same excess
energy Eexc (i.e. energy above threshold). The total un-
certainty for the absolute values is estimated to about 25%
and the experimental results confirm the available theo-
retical data [17,18] as described in more details in [16].
In addition, the well-defined linear polarization of the
pump and probe pulses has been exploited. By varying the
relative orientation between the two polarization vectors it

is possible to extract the isotropic partial ionization cross-
sections, i.e. the polarization-independent cross-sections
for ionization into the es and ed continuum. Ionization
from the excited He 1snp 1P states leads to a He™ ion in
the 1s 28, /2 ground state. Due to conservation of angular
momentum, one-photon ionization of the 1snp 'P; state
results in the emission of either an s- or d-wave electron,
corresponding to a total final-state momentum of 'Sy or
Dy, respectively:

He*1snp 'Py + hv — (He™1s 181/2 +€5)1So
— (He+1s 181/2 + Ed) 1D2.

The total photoionization cross-section, using linearly po-
larized photon beams, is given by [29]

U(GP) — U(iso) (1 - \/?ﬁgog .AQQ(Jo) PQ(COS 9p)> , (5)

where o(5°) is the photoionization cross-section for unpo-
larized light, Aso(Jy) describes the alignment of the 1snp
(Jo = 1) state, Py(cosfp) = 3(3cos*@p — 1) is the second-
order Legendre polynomium, fp the angle between the
polarization vectors of the pump and the probe and the
coeflicient (292 is a particular case of the the dynamical
coefficient Oy, ki, containing the dipole amplitudes for the
partial cross-sections. Within the LS-coupling scheme, the
alignment and the dynamical coefficient can be expressed
for the present example by Aso(Jy = Lo) = —v/2 and

3 B (LoLo2
B202 = o) \/; XL:{ 11 L} o(Lo— L). (6)

o(Ly — L) represents the partial cross-sections for pho-
toionization from the 1snp excited state with angular mo-
mentum Lg to the final state, which is built up from the
Het 1528 ionic state and the outgoing s or d electron with
total angular L = 0 and 2, respectively. The expression in
brackets is the standard Wigner 6j-symbol. In our case,
the formula for the cross-section (Eq. (5)) reduces to

1
ofp)=0s+04+2 (Us + 1—00d) Py(cosbp)  (7)

where o5 and o4 represent in a reduced notation the par-
tial cross-sections for the emission of an s or d-electron,
respectively.

For a given angle 6p, and when the ionization pro-
cess is far from saturation, the number of ions N is di-
rectly proportional to the total cross-section o(fp). Thus,
by measuring the number of ions as a function of angle
and applying the above expression the ratio o4/0s can be
determined. (In principle, it suffices to measure the ion
signal for two different angles, e.g. o = o(fp = 0°) and
o1 = o(fp = 90°), corresponding to parallel- and perpen-
dicular polarizations, respectively.) In Figure 11, the vari-
ation of the ion signal is given as a function of the angle 6p.
The fit to the experimental data points, indicated by the
solid curve, yields a ratio of o4/0s = 20/1. This result
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Fig. 11. He™ ion signal as a function of angle between the
polarization vectors of the pump and the probe beams. The
theoretically predicted variation of the relative cross-section is
indicated by the solid curve.

is in reasonable agreement with the theoretical ratio [17]
oq/0s = 13/1, leading to a ratio o /oL = 1.6. The given
example demonstrates the potential of this type of pump-
probe experiments providing detailed information on the
photoionization process by simply measuring the total ion
signal. However, due to the large difference between the
o4 and o, cross-sections, the deduced ratio o4/ is very
sensitive to the amplitude of the cosine modulation and
a more precise estimation is prevented due to the large
scatter among the data points (statistical error of about
25%). This relatively poor statistics is caused by the ex-
perimental necessity to perform the experiment well below
the saturation limit, i.e. with a reduced number of events.

5 Conclusion

The usefulness and potential of the two-color pump-probe
technique using high-order harmonics for studies of life-
times and photoionization cross-sections of excited states
in the XUV has been demonstrated through measure-
ments on He 152p 'P and 1s3p P levels. Lifetimes longer
than 100 ps are determined with a precision of about 15%.
A significant enhancement of the number of ions present in
the lifetime curves at zero time delay for pressures above
6 x 10~° mbar is attributed to a “direct” two-photon ion-
ization process enhanced relative to (time-delayed) pump
probe ionization, owing to a combination of resonant ab-
sorption of the XUV light and AC-Stark broadening of the
excited level. Absolute photoionization cross-sections from
the He 1s2p 'P and He 1s3p 'P excited states are deter-
mined in the threshold region with a precision of ~ 25%.
Finally, the relative polarization of the pump and probe
beams can easily be varied, enabling the determination of
partial photoionization cross-sections.

The two-color pump-probe technique using harmonics
has only been used in a limited number of studies but can
easily be applied for studies of many other systems. The
advantages of this method are the inherent synchroniza-
tion of the pump and the probe pulses, short pulse du-
rations, a competitive bandwidth (at least in the photon
energy range below 40 eV) and a table-top instrument.
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