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Abstract: Intense, multi-color laser fields permit the control of the ionization of atoms and the
steering of electron dynamics. Here, we present the efficient collinear creation of the second and
third harmonic of a 790 nm femtosecond laser followed by a versatile field synthesizer for the
three color fields’ composition. Using the device, we investigate the strong-field ionization of neon
by fields composed of the fundamental, and the second or third harmonic. The three-color device
offers sufficient flexibility for the coherent control of strong-field processes and for time-resolved
pump-probe studies.
© 2017 Optical Society of America
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1. Introduction

The interaction of atoms with ultrashort laser pulses has been studied for several decades [1–4].
Of recent interest is the interaction of matter with laser pulses of controlled waveform, such as few-
cycle pulses with stable carrier-envelope phase or multi-cycle pulses composed of multiple colors.
These waveform-controlled pulses permit a high degree of control of electron dynamics [5–7],
and also over molecular processes [8–13].
Overlapping the fundamental and its second harmonic, in the following referred to as ω/2ω

fields, is a well-known method to control the ionization yield [14, 15] and steer the emission
direction of electrons and ions [16,17]. Such ω/2ω fields based on pulses from Ti:sapphire lasers
were employed to study electron dynamics in atoms [18,19] and electron-nuclear dynamics in
molecules [7,16,19]. In recent years these studies were extended to orthogonally polarized [20] or
counter rotating ω/2ω fields [21]. Furthermore, ω/2ω fields can be used for all-optical orientation
of molecules [22,23], efficient terahertz generation [24], and increase the yield of high-harmonic
generation (HHG) [25, 26].

Previous theoretical and experimental investigations using a composition of fundamental and
third harmonic fields, in the following referred to as ω/3ω fields, focused mainly on the yield
in HHG, and the control of the ionization yield of atoms and molecules [10, 27–31]. As an
example, Watanabe et al. [27] demonstrated that the yield in HHG can be increased by an order
of magnitude upon addition of a 5 times less intense 3ω pulse to the fundamental laser pulse. In a
recent publication Xu et al. presented the momentum distribution of protons after dissociation of
H+2 ions, where again a yield modulation in dependence of the relative phase was detected [32].
Theoretical reports show that a combination of all three laser fields will allow to further

increase the HHG yield and eventually even support isolated attosecond bursts [33]. Moreover
it was shown theoretically that such ω/2ω/3ω synthesized fields can be used to significantly
enhance the generation of terahertz radiation [34]. The possibility of combining more than just
two wavelengths opened the new field of sub-cycle pulse synthesis [35]. Since Wirth et al. [36]
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demonstrated field synthesis of three independent channels obtained from dividing an 1.5-octaves
white light generated in a hollow core fiber, the coherent addition of spectrally separated beams
became an important tool in strong field physics [37, 38]. Such sub-cycle waveforms opened the
possibility of generating optical pulses with sub-femtosecond duration, which was successfully
used for probing attosecond electron dynamics [39]. Another approach relies on the coherent
combination of pulses from optical parametric amplifiers operating at different wavelengths [40].
This approach was demonstrated in the mid-infrared region with microjoule pulse energies [41].
Due to the relatively long optical beam paths, however, such a device requires active stabilization
of the interferometer with attosecond precision. From the experimental point of view, both
approaches represent a significant challenge making simpler designs of field synthesis desirable.
Utilizing three color ω/2ω/3ω fields, generated from a Ti:sapphire laser, was demonstrated
by Wei et al. [25], where selective enhancement of a single high harmonic in argon gas was
achieved. Although the approach seems to be very simple and stable, it inherently did not permit
an independent control of the delay between the three colors. Moreover, the polarizations of
the beams were fixed (the polarization of the second harmonic beam was perpendicular to the
other beams), thus significantly limiting its applicability. To overcome those limitations, here we
introduce a device, which combines the advantage of both approaches: the simplicity of optical
nonlinear harmonic conversion with the flexibility of field synthesis.

In the following we demonstrate the efficient generation of the second and third harmonic of a
femtosecond laser pulse from a Ti:sapphire laser system, followed by a compact and versatile
three-color synthesizer. The output of the synthesizer is used to investigate the interaction of neon
with the combined ω/2ω and ω/3ω laser fields by measuring the momentum distribution of Ne+
ions from the strong-field ionization of neon. To interpret new experimental findings, we compare
the measured data with semi-classical simulations based on the simple man’s model [42].

2. Multi-color-pulse generation and synthesis

The setup for generating the second and third harmonic of the driving field and for three-color
synthesis is schematically shown in Fig. 1. The setup is based on a Ti:sapphire laser system
with pulse durations down to 25 fs and an energy of up to 720 µJ at a repetition rate of 10 kHz
(Femtopower Compact Pro HR, Spectra Physics). We took special care to achieve a high yield

2ω, 3ω harmonic generation setup

synthesizer

synthesizer

2ω translation stage

ω
translation
stage

ω

experiment

λ/2

SHG
BBO

delay
plate

λ/2

SFG
BBO BS

λ/2 iris

BS
BS

iris

BS

Fig. 1. Experimental setup for the multi-color pulse generation and synthesis. SHG: second
harmonic generation, SFG: sum frequency generation, BBO: β-barium-borate crystal, BS:
beamsplitter, λ/2: half waveplate.

in sum frequency generation (SFG), which was done in a collinear configuration, following the
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idea proposed by Kardaś et al. [43], and the experimental implementation by Ibrahim et al. [44]
In short, the laser passes through the following series of optical components: a 200 µm thick
β-barium borate (BBO) crystal cut at 27.2◦ for second harmonic generation (SHG), a birefringent
material to retard the fundamental beam (450 µm thick BBO cut at 70◦), a λ/2 quartz wave-plate
to rotate the fundamental beam with respect to the second harmonic, and a 100 µm thick BBO
cut at 44.3◦, where sum frequency mixing allows for efficient SFG. In the second part of the
setup, the second and third harmonic beams are separated from the fundamental beam using a
combination of a custom-made triple band dichroic beamsplitters (BS) facilitating low group
delay dispersion (below 50 fs2), and supporting the full bandwidth of each harmonic. Each
coating supports high reflectivity (above 99%) at 45◦ and high transmission (above 99%) for
each corresponding harmonic. The beamsplitters were fabricated on 1 mm thick substrates made
of fused silica to minimize additional pulse elongation. An anti-reflection coating, of similar
thickness as the front coating, was applied on the back side of the BS for two reasons: First, to
prevent a post pulse created from the Fresnel reflection on the back side of the optic. Secondly,
to reduce stress induced by the single side coating of the thin substrate, which would result
in avoidable wavefront distortions. Such separation of the harmonics into individual channels
enables that each color could be independently controlled with respect to energy, delay and its
polarization. The colors corresponded to central wavelengths of 790 nm (ω), 395 nm (2ω), and
263 nm (3ω), see Fig. 2. The electric field composed of all three colors can be written as:

E(t, φ2, φ3) = Eω cos(ωt) + E2ω cos(2ωt + φ2) + E3ω cos(3ωt + φ3), (1)

where Eω,2ω,3ω represent the amplitudes of the electric field, ω is the fundamental frequency,
and φ2,3 denote the relative phase between the fundamental and the second or third harmonic,
respectively. This relative phase, which can be translated into the relative delay between the
synthesizer arms, is controlled by nanometer-precision delay stages. To achieve high passive
stability of the synthesizer, optical mounts were carefully chosen to avoid mechanical resonances,
verified by recording the interference stability using a reference continuous wave (cw) laser.
Additionally, the setup was housed to avoid air fluctuations. Thanks to the compact footprint of
the synthesizer (each beam path is around 30 cm), and isolation from environmental disturbances,
passive sub-100-mrad stability over a 15-min timescale was achieved. In order to account
for unavoidable long term drifts we continuously swept the delay stage between 0 and 4π
(one complete sweep within 10 minutes). These short term measurements were then analyzed
individually. Any phase drifts between these short term measurements were shifted to the starting
value within the post analysis enabling a combination of all measurements for the complete
measuring time of 12 hours. Within these 12 hours a slow total phase drift of π/2 was observed,
which had to be compensated by the post analysis.

An efficient frequency conversion of short pulses becomes a challenging task. It is often a
compromise between conversion efficiency (requiring longer crystals and higher intensities) and
pulse duration, which is elongated by the group velocity mismatch between interacting beams in
the conversion crystals. Careful numerical simulation of the third harmonic generation using a
nonlinear propagation software [43] provided optimal parameters for the intensities, and crystals
thickness, which allowed for obtaining high conversions efficiency, while only slightly elongating
the pulses in time. With an input energy of 650 µJ in front of the frequency converter and an
intensity of 160 GW/cm2, we were able to generate the three colors with respective final energies
of 350 µJ (ω), 90 µJ (2ω), and 80 µJ (3ω) at the output of the synthesizer. This corresponds to
over 12 % conversion into the third harmonic, including losses in the synthesizer setup. According
to the simulations, after the harmonic generation setup all beams have close to Gaussian beam
profiles. It was further verified by recording in the focal plane Gaussian distributions for each
harmonic. In Fig. 2(a) the calculated evolution of energies of all three harmonics during nonlinear
propagation inside second BBO crystal is shown. Discrepancies between calculated and measured
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pulse energies are due to an uncertainty of the crystals thickness (which is typically tens of
micrometers for such thin crystals). Moreover, the simulation does not include optical losses
on the optical interfaces in the harmonic generation setup as well as the waveform synthesizer.
Measured spectra of the three beams after the field synthesizer are shown in Fig. 2(b) as red lines
and correspond well to the calculated ones, shown as black lines.
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Fig. 2. (a) Simulated evolution of pulse energies of all three harmonics of the sum-frequency
mixing process within the second BBO-crystal. (b) Measured (red) and calculated (black)
spectra of the fundamental, second harmonic and third harmonic. While the height of the
fundamental beam is normalized, the spectral intensities of the second and third harmonic
are calculated according to their relative pulse energies. (c) Calculated temporal profiles of
the three beams after propagation through dispersive media.

Due to the propagation through dispersive material in the field synthesizer, additional 2 m
of air, and the entrance window (1 mm SiO2) into the experimental chamber, the pulses get
stretched in time. The resulting calculated temporal profiles for the three beams in the interaction
region are shown in Fig. 2(c) with temporal full-width-at-half-maxima (FWHM) of 35 fs, 52
fs, and 41 fs for the fundamental, second and third harmonic, respectively. The pulse duration
of the fundamental pulse was verified by TG-FROG measurements, while cross-correlation
measurements were used for the second and third harmonic. The retrieved pulse durations are 35
fs (ω), 61 fs (2ω), and 59 fs (3ω), cf. Table 1. The discrepancies could be the result of higher
nonlinearities experienced by the second and third harmonic during propagation through the
dispersive elements. To decrease the pulse duration down to the Fourier limit one could introduce
chirped mirrors in each arm of the synthesizer at the cost of a longer beam path making the
synthesizer more complex, and reducing the throughput.
For the experiments on neon, the polarization of the 3ω beam is turned by 90 degrees to

achieve parallel polarization of all three colors. Additionally, the size of the third harmonic beam
was adjusted via an iris to match the focal spot size of the fundamental beam. Afterwards, the
beams are recombined and sent directly into the experimental chamber. The experimental setup
consists of a reaction microscope (REMI), which allows retrieving the 3D momentum of each
ionized particle on a single shot basis. More details about the REMI can be found in the review
by Ullrich et al. [45]. The spectrum, the pulse energy and the focal spot size were determined
before and after each measurement in front of the REMI. A summary of the laser parameters is
shown in Table 1. It is worth mentioning that only a small fraction of the pulse energies were
needed for the presented experiments. The intensities were chosen such that the observable shifts
in momentum distribution became as clear as possible while background signal from ionization
by a single harmonic was minimized. We estimate that the numbers in Tab. 1 for the intensities,
pulse durations, and focus sizes have an uncertainty of about 20 %, which, however, is not crucial
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for the observed control.

Table 1. The laser parameters of the fundamental, second harmonic and third harmonic for
the measurements using ω/2ω and ω/3ω configurations. The two applied energies of the
fundamental beam for the two sets of measurements are shown along with the corresponding
intensities.

Wavelength Pulse energy τFWHM Focus size Intensity
(nm) (µJ) (fs) (µm) (1013 W/cm2)

ω (in ω/2ω fields) 790 39 35 40 6.1
ω (in ω/3ω fields) 790 76 35 40 12
2ω 395 27 61 31 4.1
3ω 263 10 59 35 1.3

3. Results and discussion

To proof the applicability of the synthesizer we measured the momentum distribution of Ne+
in ω/2ω fields. In Fig. 3, we present the dependence of ionization yield of neon on the ion
momentum and relative two-color phase φ2. The observed horizontal stripes correspond to peaks
from above-threshold ionization (ATI) and are in good agreement with peak positions calculated
from the photon energy of the fundamental light (shown in grey in the left panel). In agreement
with earlier work, we observe the final momentum with characteristic oscillations as a function
of the relative phase [18, 19].

Fig. 3. Control over neon ionization in ω/2ω fields. The ionization yield is plotted as a
function of momentum along the polarization direction and relative phase of the two-color
(ω/2ω) field. The lower panel presents the relative total yield, abbreviated as ’rel. Yield’
(red), and the asymmetry of ion emission direction (purple). In the left panel the momentum
distributions at the three indicated relative phases are plotted.

In order to quantify the phase-dependent momentum shifts, we define an asymmetry parameter
A(φ) as:

A(φ) = L(φ) − R(φ)
L(φ) + R(φ), (2)
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where L(φ) and R(φ) denote the yield of ions emitted with positive and negative momentum
along the laser polarization direction, respectively. The resulting asymmetry A(φ) is plotted
in the lower panel together with the relative total ion yield, where unity corresponds to the
phase averaged mean yield. The π-periodicity of the total yield results from occurrences of
field crests resulting in enhanced ionization twice per fundamental laser period. The asymmetry
oscillates with a periodicity of 2π and its amplitude (50 %) demonstrates excellent control over
the ion emission direction. This experiment clearly shows that strong control over the direction of
electron emission can be achieved with such synthesized waveforms. This will allow e.g. to steer
various molecular processes, compare Refs. [13, 16, 46, 47].

In the following, we present experimental and theoretical results on the control of the ionization
of neon in ω/3ω fields. In Fig. 4, we show the ionization yield as a function of the momentum and

Fig. 4. Control of neon ionization in ω/3ω fields. The ionization yield is presented in
dependence of the Ne+ momentum along the polarization direction and the relative phase
between the laser fields for (a) experimental and (b) calculated results. In the lower panels
the integrated ionization yield is shown for the areas marked by correspondingly colored
dashed lines while the left panel presents the momentum distribution along the line cuts in
the 2D plot.

the relative phase between the ω and 3ω fields for experimental (a) and theoretical (b) results. The
relative phase was varied from 0 to 6π to confirm the periodicity of the observed pattern. Similar
to the ω/2ω case, we again observe ATI peaks originating from the fundamental wavelength.
More dominant, however, is the broadening of the momentum distribution for phases that are odd
multiples of π. This broadening is highlighted by two selected momentum spectra, see Fig. 4(a),
for positions depicted by the two vertical lines in the experimental results.

In order to understand the underlying physics behind the observed control of Ne+ momenta in
ω/3ω fields, we have used semi-classical simulations based on the simple man’s model [42], in
which the ionization rate is calculated by the formula of Ref. [48] – a modification of the initial
formula from Ammosov, Delone, and Krainov (ADK) for ionization in a quasi-static field [49].
This modification allows covering the tunnel ionization regime as well as the barrier suppression
regime [48]. After ionization, the electron is propagated classically along the polarization direction
neglecting all interactions with the parent ion. The two-color field is described as:

E = Eω cos(ωt) + E3ω cos(3ωt + φ3), (3)

where φ3 denotes the relative phase between the fundamental and the third harmonic. In the
simulations, the intensity averaging over the focal volume is taken into account assuming a
Gaussian intensity profile and neglecting intensity variation along the beam propagation axis.
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The latter assumption is reasonable since the Rayleigh-lengths for all colors was more than 4 mm,
exceeding the dimension of the gas jet (several 100 µm) in the REMI. We find best agreement
with the momentum shifts observed in the experiments when the intensities used in the simulation
are 3 times higher than the experimentally retrieved intensities. The fact that electron momenta
are systematically underestimated in a semi-classical approach is known (see for instance [50,51]).
We note that the simple model cannot capture all details of the process, however we like to
emphasize that a higher-level of theory was not essential here, since the results rather serve to
demonstrate the capabilities of the waveform synthesizer.

When we compare our experimental results to the simulations, we find qualitative agreement
with respect to the observed phase control of the ionization yield and the shift in the oscillatory
patterns at low and high Ne+ momenta. To investigate the yield modulations in more detail, we
separate two momentum regions: high momenta, marked by yellow rectangles, and low momenta,
depicted in purple. The corresponding integrated signals are shown in the lower graph. The phase
dependent modulation of the yield for low momenta amounts to 10 %, while the modulation
depth increases to 20 % for high momenta. A phase-independent signal at low momenta is seen
in the experimental data, which likely contributes to the smaller modulation at low momenta.
Intensity fluctuations are unlikely to cause this background, since simulations show that the
momentum shifts should still be observed for intensities varied by one order of magnitude. We
believe that the constant background can rather be attributed to situations, where an atom only
experiences one laser field and therefore is not sensitive to the combined fields, i.e. an imperfect
overlap of the two fields in the focus. Moreover, a phase shift of π is observed between the low
and high momentum region, which is also retrieved in the simulations.

In order to better understand the atom-laser interaction in the case of ω/3ω fields, we present in
Fig. 5 the calculated electric field (solid purple line), the corresponding final momentum (dashed
green line), the ionization rate calculated by the ADK rate (grey area), and the final momentum
distribution (green area on the right) for two different relative phases φ3.
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Fig. 5. Control of Ne ionization yield and Ne+ momenta in ω/3ω fields. Depicted are the
electrical field (solid purple line), the ionization rate (grey area) and the final momentum
(dashed green line) and its distribution (green area) for relative phases of φ3 = 0 in a),
φ3 = π in b), respectively.

For a relative phase of zero, we see that the final momentum distribution is centred around
zero as it would be expected from ionization in just a single-color field. Increasing the relative
phase to π, we observe two phenomena: First, the overall ionization rate becomes lower, which
was previously seen in several calculations and measurements [28, 29]. This decreased ionization
yield results from lower absolute fields and hence lower ionization rates. Secondly, a splitting
of the final momentum distribution becomes clearly visible. This splitting can be related to the
vector potential. For a relative phase of π, the ionization rate is highest for times when the final
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momentum is non-zero. Depending on the cycle of the ionization, the final momentum is either
negative or positive. Furthermore, the range of the final momenta increased by 50 % compared
to a relative phase of zero. It is also important to notice that the ionization yield for a relative
phase of π is 8 times lower than for a relative phase of zero. Therefore, in an experiment, which
is only sensitive to the overall ionization yield, a 2π-periodic modulation would be observed,
with lowest yield corresponding to a phase of π [27, 29, 30].

While many recent studies use orthogonally polarized [20] or counter-rotating circular polarized
ω/2ω fields [21, 52], the three-color device introduced here permits tailoring the fields with
all three colors and thereby extend such studies to more complex fields. Using such tailored
laser fields is also expected to be very beneficial for high-harmonic generation [33]. Another
application of the three-color setup are pump-probe experiments, where e.g. the ultraviolet
pulse is used for exciting the target and the ω/2ω laser field is used for coherent control. This
is particularly interesting in studies on the strong-field control of molecular reactions. As an
example, acetylene, a commonly investigated molecule in strong-field physics, can be excited by
the third harmonic (as was done in e.g. [44]) and the isomerization to vinylidene can be controlled
with the ω/2ω field near conical intersections.

4. Conclusion

In conclusion, we presented a device for the efficient generation of the second and third harmonic
of a femtosecond laser field in a collinear geometry, while preserving short pulse durations. A
subsequent multi-harmonic synthesizer permits to superimpose all three colors and control their
relative phase as well as their intensities and polarizations. We used the device in experimental
work on the interaction of ω/2ω and ω/3ω fields with neon atoms. For ω/3ω fields, we observed
a modulation of the ionization yield and ion momenta as a function of the relative phase between
both colors. A shift of π is observed between the phase-dependent oscillations of low and high ion
momenta. These trends were retrieved by semi-classical simulations based on the simple man’s
model. The three-color device offers sufficient flexibility for a variety of future studies on the
coherent control of strong-field processes and for time-resolving ultrafast molecular dynamics.
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