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Intensity-resolved measurement of above-threshold ionization of Ar-H,O
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Above-threshold ionization (ATI) by femtosecond laser pulses centered at 515 nm is studied for a gas mixture
containing the van der Waals complex Ar-H,O. By detecting photoions and photoelectrons in coincidence, the
ATT spectra for Ar, Ar,, H,O, and Ar-H,0 are discerned and measured simultaneously. Using an intensity-
scanning technique, we observe the red shift of the ATI spectra as a function of the laser intensity. The
intensity-dependent shift of the ATI peak positions observed for Ar-H,O and H,O match but significantly differ
from the ones measured for Ar and Ar,. This indicates that the photoelectron is emitted from the H,O site of
the complex and the vertical ionization potential of Ar-H,O is determined as (12.4 £ 0.1)eV. For rescattered
electrons, however, an enhancement of high-order ATI is observed for Ar-H,O, as compared to H,O, suggesting
that the relatively large Ar atom acts as a scattering center, which influences the ionization dynamics.
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I. INTRODUCTION

Rare-gas compounds exhibit rich light-matter interac-
tions and serve as model systems for electron dynamics in
weakly bound molecules. A prominent example is interatomic
Coulombic decay, which has been first observed in Ne, and
studied using extreme ultraviolet radiation [1,2]. Also in in-
tense optical fields, rare-gas dimers have attracted significant
interest [3—5] but only few studies have explored light-matter
interaction in more complex rare-gas compounds [6]. A no-
table example for such complex target is Ar-H,O, which
has been extensively studied in the past using infrared vi-
brational spectroscopy [7-11]. One focus of attention has
been the location of the energy minimum in the Ar-H,O
intermolecular potential energy surface. After initially contra-
dicting results, studies have converged to the finding that the
argon atom resides in the plane of the water molecule, at an
angle close to one of the hydrogen atoms but at roughly four
times the distance from the oxygen atom [7,9,12,13]. Despite
this progress, ionization experiments of Ar-H,O have been
scarce. Consequently, little is known about the structure of the
Ar-H,O cation.

Structural and dynamical information from atoms and
molecules has been successfully inferred from above-
threshold ionization (ATI) spectra, for example using
laser-induced electron diffraction [14-16], or photoelec-
tron momentum imaging [4,17,18]. For recent reviews see
Refs. [19,20]. Moreover, spectroscopy of electronic states
in polyatomic molecules has been demonstrated in channel-
resolved ATI experiments [21,22]. However, accurately mea-
suring the ionization potential using ATT is challenging since
the ATI peak positions sensitively depend on the laser inten-
sity. The position of the Sth ATI peak can be described by
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(atomic units are used if not otherwise stated)
Es = (N+S)w — Ep — AE(]), (1)

where w is the photon energy, Epp is the ionization potential
of the target atom or molecule, N = [Ep/w] is the minimum
number of photons required to overcome Ep, and AE(]) is
an intensity-dependent peak shift. The latter is often approxi-
mated by the ponderomotive potential Up = ﬁ, representing
the ac Stark shift of the ionization continuum. In addition,
the ground state exhibits an intensity-dependent level shift,
as well. In the absence of resonances and for not too intense
fields, the ac Stark shift can be reasonably well approximated
by the dc Stark shift, calculated by second-order perturbation
theory [23]. It is given in terms of the peak intensity I = &2,
where & is the peak value of the electric field, and the ground-
state polarizability « of the respective atom or molecule, by

SE = —al /4, )

and is usually negative. Hence, the ground-state Stark shift
usually increases the peak shift AE (7). Note that this does
not hold in the presence of resonances. For example, Nick-
lich et al. observed an intensity-dependent blue shift in the
multiphoton ionization of Cs by visible wavelengths [24].
The intensity-dependent peak shift of ATI has been observed
in various experiments, which aimed at reducing the focal
volume averaging effect [25-27], or identifying the role of
resonances [27,28]. In many of these experiments, the Stark
shift of the ground state has been neglected.

Here, we present intensity-resolved measurements of ATI
of Ar, Ar,, H;O, and Ar-H,O by 515 nm femtosecond laser
pulses. The data allows us to extract the unknown ionization
potential of Ar-H,O and infer that the electron is emitted from
the H,O site of the compound. In contrast to this, we show that
elastic electron rescattering also occurs on the argon atom,
whose presence significantly enhances the elastic scattering
cross section of Ar-H,O with respect to H,O.

©2023 American Physical Society
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FIG. 1. (a) Schematic of the experiment for intensity-resolved
coincidence measurements of above-threshold ionization. The power
of the femtosecond laser pulses at 1030 nm is controlled using a
motorized half-wave plate followed by a polarizer. The laser fre-
quency is doubled in a BBO, and the two colors are separated. The
laser power at 515 nm is measured by a photodiode and a boxcar
integrator. In the data acquisition computer, the measured laser power
is correlated with the ion and electron momenta detected in the
COLTRIMS. (b) Recorded photodiode signal as a function of the
laser power, as measured with a power meter before (calibration 1)
and after (calibration 2) conducting the main experiment. (c) Ion
time-of-flight spectra recorded in the COLTRIMS, with various ionic
species marked.

II. EXPERIMENTAL APPROACH

In our experiment, the gas sample containing Ar-H,O is
obtained by bubbling argon at a pressure of 3 bar through wa-
ter and coexpanding the mixture through a 30-pum nozzle into
a high-vacuum vessel. The nozzle was heated to 50°C to avoid
clogging by condensed water. The gas jet subsequently passes
a 150-pm skimmer and two 1-mm apertures for differential
pumping before it enters a cold target recoil ion momentum
spectrometer (COLTRIMS), where it intersects the laser focus
at a total distance of ~1.5 m behind the nozzle.

Figure 1(a) shows a schematic of the experiment. Fem-
tosecond laser pulses centered at 1030 nm are obtained from
a commercial Yb-doped fiber laser (Active Fiber Systems)
operated at 50 kHz repetition rate. The pulses are compressed
to 36 fs using an argon-filled hollow-core fiber and suitable
chirped mirrors. The laser power is controlled using a mo-
torized half-wave plate and a broadband thin-film polarizer.
The transmitted light is frequency doubled using a 300-pum
thick beta barium borate (BBO) crystal and the fundamental
infrared beam is subsequently discarded. A small fraction of
the visible beam is reflected off a wedge and impinges on a
photodiode, operated well below saturation. The photodiode
signal is further processed using a boxcar integrator to yield a
measurement of the pulse energy. Importantly, the photodiode
signal is proportional to the laser power recorded with a power
meter, as specifically shown for the range of 200-600 mW in

Fig. 1(b). Since the second harmonic generation was operated
well below saturation, we assume that the pulse duration and
beam profiles remains unchanged when the laser power is var-
ied using the motorized half-wave plate. Thus, the photodiode
signal is proportional to the intensity in the laser focus. The
main beam is focused (7.5 cm focal length) into the center
of the COLTRIMS [29] where it intersects the cold gas jet
containing the argon-water gas mixture. The momenta of ions
and electrons produced in the laser focus are measured in
coincidence using time- and position-sensitive detectors on
either side of the COLTRIMS. Figure 1(c) shows the ion time-
of-flight spectrum, which permits the distinction of various
ionic species by their time of flight, and the accurate mea-
surement of the recoil momentum along the laser polarization.
Momentum conservation between ion and photoelectron al-
lows us to reliably assign photoelectrons to the ion of the
species from which they originate. A total of 6.4 x 10* counts
are detected for the Ar-H,O" + e~ and 3.2 x 107 counts for
the Ar* + e~ coincidence channels.

Besides ion-electron coincidences, coincident events of
two ionic species, notably, Art + H,O Coulomb explosion
events are observed. The kinetic energy release of this breakup
channel has a mean value of 3.820 eV and a width (stan-
dard deviation) of 0.23 eV. Assuming instantaneous double
ionization and subsequent propagation of a 1/r repulsive po-
tential, this corresponds to a bond distance between Ar and
H,0 of (3.77 +0.23) A, in reasonable agreement with but
slightly longer than the predicted values of 3.636 A [7] or
3.603 A [9]. The experimental result might be systematically
shifted towards larger values due to the nonlinear ionization
rate, especially in the second ionization step, for which the
ionization potential is expected to strongly decrease with in-
creasing internuclear distance. Moreover, we note that the
measured KER results from the effective distance of the two
charges rather than the center-of-mass distance between Ar
and H,0.

III. RESULTS AND DISCUSSION
A. Intensity-dependent ATI spectra

Figure 2 shows photoelectron energy spectra for ATI of
Ar, H,0, and Ar-H,O. The spectra exhibit a typical shape
with a rapid drop over the first few ATI orders, followed
by the rescattering plateau [30] that cuts off around 30 eV
(20 eV) for the top (bottom) curve. Remarkably, the sig-
nal in the plateau region is approximately two times higher
for Ar and Ar-H,O than for H,O. We will return to this
observation in the context of the photoelectron momentum
distributions presented in Fig. 5 below. The photoelectron
spectra are modulated by the ATI peaks, which are spaced
by the photon energy of 2.4 eV, as expected from Eq. (1).
Furthermore, the ATI combs recorded for different targets are
shifted with respect to each other, due to the difference in
the ionization potentials. A double-peak structure is observed
for Ar at higher intensity, which reduces the contrast be-
tween ATI peaks and suggests the involvement of resonances.
Comparing the ATI combs recorded at higher intensity (top
curves) to the ones recorded at lower intensity (bottom curves)
reveals the intensity-dependent peak shift. Importantly, a close
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FIG. 2. Measured energy distributions of photoelectrons de-
tected in coincidence with Ar* (black), H,O" (dashed blue), and
Ar-H,O™" (green). Each curve is normalized to its maximum (851059
counts for Ar, 22822 for H,0, and 1036 for Ar-H,O). Missing data
points are due to a lack of statistics. The top curves represent all
data acquired in the experiment with a peak intensity of ~1.0 x
10" W /cm?, the bottom ones were recorded at 0.5 x 10*W /cm?.
The data sets with different intensity values are vertically displaced
for visual convenience. The inset shows the low-energy range of the
ATI spectra.

examination of the peak positions (see inset of Fig. 2) shows
that the offset between the peak positions observed for Ar
and Ar-H,O differ for the two intensity values. Hence, the
ionization potential of Ar-H,O cannot be retrieved simply by
comparing the respective ATI peak positions to the ones mea-
sured for Ar. The ATI peaks measured for H,O and Ar-H,O,
however, are close to each other for both intensity values.
Whether the offset between the ATI peaks for the two targets
allow us to extract the ionization potential of Ar-H,O will be
tested using an intensity scan.

The intensity scan is carried out by scanning the half-wave
plate while the laser power transmitted through the polarizer
and converted to the second harmonic frequency is tracked
by the photodiode, as described above. The measured power-
dependent ATI spectra for Ar are presented in Fig. 3(a).
The ATTI spectra exhibit a pronounced intensity dependence:
while the cutoff energy increases proportionally to the laser
power, the individual ATI peaks are red shifted and also
broadened. This behavior is an impressive manifestation of
the focal volume effect: with increasing peak intensity, more
and more intensity values contribute to the ATI yield. Since
different intensity values correspond to different peak posi-
tions, the peaks in the observed ATT spectra are broadened and
eventually washed out. In addition, Freeman (multiphoton)
resonances [31,32] lead to horizontal features in the intensity-
dependent ATI spectrum (see inset of Fig. 3), and are likely
responsible for the double-peak structure observed for Ar in
Fig. 2 at higher intensity.

The intensity-resolved ATI spectra allow us to find the
proportionality constant between measured laser power and
peak intensity. This is achieved by comparison of the exper-
imental results to numerical results displayed in Fig. 3(b).
These were obtained by solving the one-dimensional
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FIG. 3. Intensity-dependent ATI spectra for ionization of Ar
by 515 nm light. (a) Experimental results obtained by integrat-
ing the measured photoelectron momentum distributions over the
full solid angle. The red solid line indicates the cutoff energy
of the photoelectron spectra and is described by the expression
0.0391 eV/mW 4 8.5 eV. (b) Numerical results obtained by solving
the one-dimensional TDSE. The red line is described by the expres-
sion 25.0 eV/(10'* W/cm?)+ 8.5eV indicating the high-energy
cutoff. The inset shows the standard deviation o as a function of the
proportionality constant between peak intensity and laser power.

time-dependent Schrodinger equation (TDSE) using the split-
operator method. The Hamiltonian is given by H(x,t) =
IXI% + &£(¢) - x. The soft-core parameters Z and o were tuned
such that the energies of the ground state and first-excited state
of the model atom match those of real argon. The laser field
E(t) = &y(t) cos wt has a Gaussian pulse envelope & (¢) with
a full width at half-maximum of 40 fs and a carrier frequency
of w = 0.088 a.u. The calculated photoelectron spectra were
integrated over a Gaussian focal volume [33] and agree well
with the measured ones. The proportionality constant between
peak intensity and laser power in the experimental data is
determined by minimizing the standard deviation between the
positions of ATI peaks of orders 1-10 in the measured and
calculated ATI spectra. We find best agreement for (6.40 +
0.30)%. The uncertainty indicates the range in which
the standard deviation increases by no more than 10%, see
inset of Fig. 3(b). Using this conversion, we confirm that the
high-energy cutoff of the spectra can be adequately described
by the extended cutoff law proposed in Ref. [34]: En.x =
10Up + 0.538E}p, as indicated by the red lines in Fig. 3.

B. Peak shifts and ionization potential of Ar-H,O

In order to quantitatively analyze the intensity-dependent
ATT spectra for all targets, we extract the ATI peak positions
from the measured photoelectron spectra as follows. The pho-
toelectron energy distribution Y (E') around the first ATI peak
is fitted by a Gaussian,

Ry
Y(E) = Aexp (——(E ch) ) + Y. 3)

We note that, especially for high intensities, the shape of
the ATI peaks deviates significantly from a Gaussian shape.
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light and the difference is consistent with the effect of focal

1.0 volume averaging. The TDSE results for Ar exhibits some de-
viations from linearity, likely due to the effect of resonances.

0.5 Up to an intensity of approximately 1.0 x 10'W/cm?,
the intensity-dependent peak shift of the TDSE results agrees

S o0l with the experimental results, however, the curve is blue
< shifted by approximately 0.2 eV. Such deviation is pos-
* 05 sible despite the intensity calibration because the fitting
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FIG. 4. Intensity-dependent ATI peak positions for various tar-
gets. Shown is the measured offset energy of the ATI comb for
Ar, Ar,, H,0, and Ar-H,O, as function of the peak intensity. The
colored solid lines represent linear fit functions to the data. The
peak positions extracted for the simulated data is also shown (black).
Around 7 x 10" W/cm?, no accurate fit could be obtained due to
strong modulations in the calculated photoelectron spectra.

Nevertheless, we obtain good agreement for the peak
positions, see Fig. 6, which shows the measured intensity-
dependent spectra along with the retrieved centroids of the
ATTI peaks measured at each laser power and target. The pro-
cedure is repeated for 25 different values of the measured laser
power, which yields the intensity dependence of the ATI peak
positions displayed in Fig. 4.

Figure 4 shows the offsets Ey = E¢c — 2.4eV of the ATI
comb, retrieved by the fitting procedure described above, as a
function of the calibrated laser intensity. Indeed, the AT peaks
measured for Ar and Ar-H,O exhibit significantly different
shifts as a function of intensity. In contrast, the intensity
dependence of the ATI peak positions measured for Ar and
Ar, are nearly identical. Indeed, the ionization potentials of
Ar (15.76 eV) and Ar, (15.65eV) are very close and their
ATT peaks exhibit only a small offset with a mean of (0.08 +
0.01) eV, in good agreement with the difference in ionization
potential. Analogously, the energy offset between the ATI
peaks measured for H,O and Ar-H,O remains essentially con-
stant at 0.26 eV within a margin of +0.06 eV over the entire
intensity range studied in the present experiment. Therefore,
it is reasonable to assume that the peak offset corresponds
to the difference in ionization potential [cf. Eq, (1)]. With
the known ionization potential of H,O of 12.6 eV, we find
a value of (12.4 £ 0.1) eV for Ar-H,;O, where the uncertainty
corresponds to the statistical error of the differences in the
measured peak positions. We point out that this deviation is
independent of the intensity determination conducted above.

We will now further investigate the differences in the in-
tensity dependence of the ATI peak positions recorded for
different species. Clearly, the red-shift of the ATI peaks
[cf. Eq. (1)] is target dependent. Specifically, the linear fit
functions, applied over the entire intensity range of the ex-
periment, yield a slope of —2.2eV /(10" W/cm?) for Ar
and Ar,. These values are in reasonable agreement with the
ponderomotive shift of —2.5eV/(10'* W/cm?) for 515-nm

performed above is carried out for the positions of ATT orders
1-10, while in Fig. 4, only ATI order 1 is analyzed. Above
1.0 x 10'W/cm?, the measured and calculated peak posi-
tions deviate, potentially because the influence of resonances
is exaggerated in the one-dimensional TDSE calculations.
This observation emphasizes that the linear relationship be-
tween ATI peak position and intensity is only applicable in
the absence of resonances.

The ATI peak shift measured for Ar-H,O and H,O is only
—1.5eV/(10'* W/cm?), significantly less than the pondero-
motive shift of —2.5eV/(10'* W/cm?) for 515-nm light. A
first candidate to explain the observed differences between
Ar and Ar, on one hand and H,O and Ar-H,O on the other
hand is the ac Stark shift of the ground state. However,
the ground-state polarizabilities of argon (aa, = 11.07a3)
and water (oo = 10.74 ag) [35-37] are very similar and
both lead to a Stark shift of the ground-state energy by
—0.2eV/10'* W/cm?. Hence, the difference of ground-state
polarizabilities for argon and water is too small to explain
the observed difference in the intensity-dependent ATI peak
shifts of the two targets. Furthermore, as the different shift
is observed over the entire intensity range, resonances are
unlikely to be responsible for the observed differences. We
propose that the smaller red shift of the ATI peaks observed
for H,O and Ar-H,O results from the permanent dipole [23].
Its effect may become measurable due to the orientation de-
pendence of the ionization probability of water [38]. However,
a quantitative calculation of the intensity-dependent ATI peak
shift of water is outside the scope of the present paper.

C. Rescattering from Ar-H,O

In this section, we return to the observation of enhanced
backscattering from Ar-H,O with respect to H,O. Figure 5
presents the photoelectron momentum distributions measured
for Ar-H,O (top half), H,O (bottom left quadrant), and Ar
(bottom right quadrant) corresponding to the ATI spectra pre-
sented in Fig. 2 at high intensity. The momentum distribution
measured for Ar, is compared to the one for Ar in Fig. 7.
The central, low-energy, part of the momentum distributions
for all three targets are governed by direct electron emission
and full ATT rings are observed. At energies significantly
larger than 2Up, corresponding to p ~ 0.6a.u., rescattered
electrons dominate and the angular distributions are signifi-
cantly narrower such that only segments of the ATI rings are
observed.

We first compare Ar-H,O to H,O and observe that the low-
energy part of the momentum distribution is nearly identical
for the two targets. The slightly lower ionization potential
of Ar-H,O leads to slightly larger radii of the ATI rings. In
the high-energy part along the laser polarization, the signal
observed for Ar-H,O is larger than for H,O. This is evident for

053106-4



INTENSITY-RESOLVED MEASUREMENT OF ...

PHYSICAL REVIEW A 108, 053106 (2023)

—
[

=

-

o
3

Perpendicular momentum (a.u.)
o
n o

-0.5 0 0.5
Parallel momentum (a.u.)

FIG. 5. (a) Photoelectron momentum distribution recorded for
nondissociative single ionization of Ar-H,O (top half), compared to
the ones recorded for H,O (bottom left), and Ar (bottom right). The
ionization yield is integrated over all intensity values and normalized
to 1 by dividing by the number of detected events for each species.
The plot shows the normalized ionization yield per momentum bin,
as a function of the momentum components parallel p; = p, and
perpendicular p; = ~/p? + p; to the laser polarization, taking into
account the appropriate Jacobian. The minimum of the color scale is
limited by the low statistics of the Ar-H,O channel.

the highest ATI peaks but also the signal in the intermediate
ones is higher by a factor of &2, see Fig. 2. This enhance-
ment suggests a larger contribution from backscattering in the
case of Ar-H,O. Compared to Ar (bottom right quadrant),
however, the signal remains somewhat lower. The stronger
signal observed for Ar might be a consequence of focal vol-
ume averaging, which leads to higher effective intensity for
Ar, and therefore higher signal at larger electron momenta.
Our results suggest that in Ar-H,O, the relatively large Ar
atom acts as a scattering center, which enhances the contri-
bution of backscattering to the photoelectron yield. Indeed,
for the differential elastic electron scattering cross sec-
tion around 180°, two to three times larger values have been

G

o

>

w

o

o 4 M w &~ 0 o
S SRR CR N R YN

ﬂ

Photoelectron energy (eV)

04 05 06 07 08 09 1.0
Intensity (10 W/cm?)

04 05 06 07 08 09 1.0
Intensity (10'* W/cm?
) - y ( ) . (d)

Photoelectron energy (eV)
o - m W A oo N

04 05 06 07 08 09 1.0
Intensity (10 W/cm?)

04 05 06 07 08 09 10
Intensity (10" W/cm?)

FIG. 6. Intensity-dependent ATI spectra of (a) argon, (b) argon
dimer, (c) argon-water, and (d) water. The dots mark the centroids of
Gaussians fitted to the experimental data at various intensity values.
The statistcal error of the fits is on the order of the dot size.
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FIG. 7. Same as Fig. 5 but shown is the momentum distribution
recorded for nondissociative single ionization of Ar, (top half) com-
pared to the one recorded for Ar (bottom half), as in Fig. 5. At p;, =~
—1.3 a.u. and p;; ~ 0.8 a.u., the detector provides no resolution for
the perpendicular momentum.

reported for Ar [39] than for water [40], consistent with our
results.

IV. SUMMARY AND OUTLOOK

In conclusion, we have presented measurements of ATI of
Ar-H;0O and compared them to simultaneous measurements
of both Ar and H,O. We found that the peak shift for Ar-
H,O matches that for H,O, while the ionization potential is
lowered by some 0.2 eV with respect to H,O. These obser-
vations indicate that, on the one hand, strong-field ionization
occurs on the H,O side of the weakly bound van der Waals
molecule. On the other hand, the reduction of the ionization
potential indicates that the molecular ion is more tightly bound
than neutral Ar-H,O. This raises the question about details
of the potential energy landscape of the Ar-H,O cation, for
example where the argon atom resides with respect to the
H atoms. A suitable tool to shed light on this question is
laser-driven Coulomb explosion imaging. While the Ar atom
has little effect on the initial step of strong-field ionization,
we have further shown that elastic rescattering in Ar-H,O is
enhanced by the presence of the Ar atom. By extension to
inelastic rescattering, this suggests the existence of a special
mechanism for nonsequential double ionization, where a first
electron is emitted from water and its subsequent recollision
with the parent ion leads to ionization of the argon atom. This
mechanism could lead to a peculiar effect: at relatively low
intensity and sufficiently long wavelength, Ar-H,O could be
doubly ionized even before single ionization of Ar becomes
efficient.
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APPENDIX A: INTENSITY-DEPENDENT ATI PEAK
POSITIONS

Figure 6 shows experimental results for the four targets
along with the centroids obtained from the fitting procedure
described above. The fitting is performed in a range of =1eV
around the approximate position of the first ATI peak. The
accuracy of the results is not notably improved if the fitting is
repeated for ATI peaks of higher order. The zeroth ATI peak
was ignored because of channel closing. In the case of water,
no accurate fit was obtained at the highest intensities used in
the experiment.

APPENDIX B: PHOTOELECTRON MOMENTUM
DISTRIBUTION FOR ARGON DIMERS

Figure 7 compares the photoelectron momentum distribu-
tions recorded for nondissociative single ionization of Ar; to
that for Ar. The momentum distributions for the two targets
are very similar to each other, in agreement with earlier exper-
iments using 800-nm light [41]. A slight yield enhancement
at minimal electron energy reported for the dimer in Ref. [41]
can be identified.
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