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We study high-order harmonics generated by an intense multicycle 800 nm laser pulse in the presence
of a weaker 1300 nm mid-infrared (MIR) pulse. Additionally to the previously observed effects of yield
enhancement, cutoff extension and continuum generation, we report here a spectral shift of harmonic
peaks controlled by the delay of the MIR pulse. We explain this effect considering the half-cycle to half-
cycle behavior of the two-color field. © 2018 Optical Society of America
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1. INTRODUCTION

High-order harmonic generation (HHG) in gases is a quickly
developing research area [1-3], due to the fact that it enables
the generation of the shortest controllably reproducible light
pulses available for time-resolved spectroscopy [4, 5]. This tool
allows to perform time-resolved studies on electronic processes
in atoms, molecules, nanoparticles, liquids and solids on the
attosecond timescale [6, 7] and to investigate in real time funda-
mental phenomena like photoemission, Auger decay or charge
migration [8-11]. The applicability of these sources in time-
resolved spectroscopic experiments depends on our ability to
control the properties of the produced radiation [5]. Therefore,
an understanding of the possible control knobs within the pro-
cess is important not just because it broadens our knowledge
about HHG, but also because it can provide additional opportu-
nities for control in experiments.

Nonlinear optical processes can exhibit an intensity-
dependent phase response. A well-known example is self-phase
modulation (SPM) resulting from the third-order susceptibil-
ity, which causes an intense laser pulse propagating through
a nonlinear medium to experience a frequency redshift at its
leading edge and a blueshift at the trailing edge [12]. Since
HHG is a highly nonlinear phenomenon, the phase of the gen-
erated radiation is also influenced by such intensity-dependent
effects. For multicycle driving fields, the half-cycle periodicity
of the harmonic generation process leads to the appearance of
odd harmonic peaks in the spectrum, although a continuum

spectrum is generated in each identical half-cycle. For short gen-
erating pulses the effective intensity in consecutive half-cycles
may be considerably different, and due to the linear relationship
between the harmonic phase and the intensity, the harmonics
experience a blueshift (redshift) on the rising (falling) part of the
generating pulse [13]. This chirp of the individual harmonics
has been observed and measured experimentally [14], and it has
been connected to the varying spacing of the attosecond bursts
in the pulse train [15].

When two intense laser beams propagate through a medium,
nonlinear optical processes can result in the appearance of cross-
terms, like wave-mixing or cross-phase modulation (XPM). In
XPM one beam affects the phase of the other beam by modifying
the optical properties of the medium, analogously to the SPM
mechanism [12]. Similar effects can occur in two-color HHG.
HHG by two different color fields has been widely studied since
the 1990s [16], focusing on the generation of even [17] or circu-
larly polarized harmonics [18, 19], as well as on the possibilities
to increase the harmonic cutoff energy [20, 21] or harmonic yield
[21-23]. The effects of an assisting pulse and its temporal de-
lay with respect to the primary pulse have also been studied in
relation to the temporal properties of the generated attosecond
pulse train [24], in connection with interference of radiation from
different trajectories [25], or in the context of phase matching
[26].

In this paper we discuss the control of harmonic frequency
shifts, which are a consequence of the combined application
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of a near-infrared (NIR) and a mid-infrared (MIR) laser field
for HHG. In previous experiments it has been shown that the
additional (usually weaker) MIR field can extend the cutoff
[20, 27], can reduce the number of generated attosecond pulses
via two-color gating [27, 28], and can increase the harmonic
yield [20, 21, 23, 27, 28]. Here we present experimental results
and theoretical explanations of redshifted harmonics, increase /
decrease of the harmonic yield at different delays between the
pulses, and the generation of continuum radiation by multicycle
pulses. Our investigation shows that fine tunability of the HHG
spectrum is possible using a two-color laser scheme, therefore
adding one control knob to the existing HHG toolbox.

2. EXPERIMENTAL AND MODELING

A. Experimental setup

Our experimental setup was based on a Ti:Sapphire amplifier,
generating 35fs pulses with up to 30m] energy at 50 Hz rep-
etition rate. This NIR (800 nm) beam was split into two, and
20m] was used in a commercial optical parametric amplifier
(HE-TOPAS from Light Conversion) to generate MIR (1300 nm)
light with pulse energies up to 4m] (see Fig. 1). The delay be-
tween the MIR and the remaining NIR pulses was controlled
with a motorized delay stage in step of 6.7 fs.

N 1300 nm, 4 mJ
Ti:S 800 nm, 200 e TopAs
35 fs, 30 mJ dichroic mirror
L0ml f=50 cm
I : |
L A
delay stage XUv
spectrometer

Fig. 1. Schematic illustration of the experimental setup.

The two beams were combined with a 45° dichroic mirror,
and focused with the same f = 50 cm spherical mirror into a gas
cell filled with neon at up to 700 mbar pressure. The NIR pulse
duration was optimized for efficient MIR generation, and the
dispersion in air and in the transmissive optical elements (beam
splitter, dichroic mirror, vacuum window) caused a lengthening
of the pulses to an estimated 50 fs on-target duration for both
pulses. After the conversion process, a Zr filter blocked the
NIR and MIR pulses, while harmonics from 70 to 200 eV were
transmitted to the detector. A concave grating with variable-line-
spacing dispersed the HHG beam towards a micro-channel plate
(MCP)/phosphor screen assembly, where the extreme ultraviolet
(XUV) spectrum was recorded with a CCD camera.

As we described in [27], this setup enabled the generation of
a strong continuum up to 160eV with a flux of 10° photons/s.
For the current study we replaced the 6 mm generation cell by
a 2mm long gas cell. The 2mm cell is short enough to better
preserve fingerprints of the cycle-to-cycle high-harmonic genera-
tion process. In the experiment, the results of which we analyze
in detail here, we generated harmonics in 245 Torr Ne using
1.58 mJ NIR and 0.46 m] MIR pulses. Similarly to our previous
experiments [27], the MIR beam waist diameter was adjusted
using a telescope to reach similar focused spot sizes. This meant
an approximated peak intensity of the MIR beam that is ~ 1/3
of the NIR beam. We varied the delay between the two, while
integrating the generated harmonic spectrum for 100 shots at
each delay.

B. Experimental results and theoretical modeling

The recorded spectra as a function of the delay between the
two pulses are shown in Fig. 2. We observe in Fig. 2(a) that
at large delays, with no overlap between the two pulses, NIR-
alone harmonics are observable which consist of narrow lines
— as expected when harmonics are produced by a many-cycle
pulse. In this configuration the MIR pulse alone does not pro-
duce any harmonics that are observable in the spectrum, due to
the smaller intensity and different phase-matching conditions
for each pulse alone. In temporal overlap, cutoff extension, yield
enhancement and continuum spectra is observed, reported pre-
viously also by others [20, 21, 27]. Additionally, there are spectral
shifts of harmonics appearing when the two pulses start to tem-
porally overlap. This temporal region is shown in Fig. 2(b),
where a stronger redshifted and a weaker blueshifted branch of
harmonics are apparent, indicated by the red dashed and blue
dotted curves, respectively. In similar experiments performed by
Calegari et al. [20], these red- and blueshifted harmonics were
observed before, while in the results of Siegel et al. the blue shift
is more visible [21]. This is an effect that — to the best of our
knowledge — has not been discussed so far, and forms the basis
for our discussion in the remainder of the paper (see below).
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Fig. 2. (a) Experimental delay scan of the generated harmonic
spectra. Negative delay means that the NIR pulse arrives be-
fore the MIR pulse. (b) Segment of the delay scan highlighted
by the red box in (a), illustrating the observed redshifts (red
dashed curves) and blueshifts (blue dotted curves) of the har-
monic peaks.

To investigate the underlying physics behind the observed
features, we used single-atom calculations (based on the Strong
Field Approximation). The saddle-point approximation of the
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Lewenstein integral [29, 30] was applied to calculate the rele-
vant electron trajectories. Macroscopic conditions are taken into
consideration by summing the results only for the relevant tra-
jectories: (1) we consider only short trajectories, as these are
usually better phase-matched in experiments, and (2) we limit
emission to two half-cycles, before the peak of the pulse. The
second assumption, the introduction of a temporal gate for emis-
sion, is explained in the following, while further reasons will be
given for both assumptions later.

The combination of the two infrared fields severely limits the
number of emission events at high photon energies by creating a
field with a periodicity of 6.5 fs. Our previous macroscopic mod-
eling of the propagation of the NIR and MIR laser pulses through
the medium indicated that the generating pulses are severely
distorted during propagation [27]. We have also observed that
the ionization produced by the combined electric field has a very
sharp rising time [28]. As phase-matching conditions depend
strongly on the ionization rate, we expect a strong time depen-
dence of phase-matching conditions, limiting efficient emission
to only a few optical cycles of the generating pulse [31, 32]. This
assumption has been verified in our previous work [27], where
we concluded that efficient transient phase-matching may lead
to the generation of isolated attosecond pulses in the present
setup. In the experiment of Fig. 2 this is indicated by the mea-
surement of a continuum spectrum in case of temporal overlap.
This is the gating effect which we assumed in the calculations.
The use of this rather crude model is justified by the nice illus-
tration of the underlying physics that it provides. While the
harmonic shifts of Fig. 2(b) were also visible in simulations
carried out with a three-dimensional non-adiabatic simulation
code (same as in [27, 28]), we describe here the simplified model,
since it gives a more intuitive explanation for the results.

3. DISCUSSION

A. Two-color HHG with infinitely long driving fields and with
limited radiation events

Both distortion of the laser pulses and transient phase-matching
[27, 31, 32] affect the coherent build-up of emission at the rising
edge of the pulse. Both effects are especially important when
the generation involves pulses in the MIR spectral region, which
are more sensitive to the presence of free electrons. To under-
stand the process by which the MIR pulse influences the phase
of the generated harmonics, we calculated the Lewenstein inte-
gral in the saddle-point approximation. Both fields were taken
with cosine temporal evolution, i.e. ENJR = ANIR €08 [WNIRE]
and Eyr = Amir €OS [wMIR(t + Ai’)], where Anir and Apr are
field amplitudes, and At is a time delay (see Fig. 3(a)). In order
to analyze and interpret the results, we only consider radiation
corresponding to recombination events from short trajectories
that are originated from a single optical cycle of the NIR field
(INIR o.c.). This windows is highlighted with the white area in
Fig. 3(a). With these assumptions, we analyze the effect of the
weaker MIR field on the HHG process.

The results of the temporally gated single-atom calculations
are illustrated in Fig. 3(b). We observe that the spectral lines shift
with the 4.4 fs period of the MIR field (see Fig. 3(c)), and that the
oscillation amplitude increases with harmonic order. There is
also a variation of the harmonic yield with the same periodicity
(see Fig. 3(d)). We note that the harmonic-yield maxima (min-
ima) almost coincide with the maximum red(blue)shift of the
harmonic peak positions. One could also notice that the ratio
of the two field amplitudes (Anjr / AmIR) are approximately an
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Fig. 3. (a) Temporal evolution of the monochromatic NIR
(red) and MIR (green) electric fields used for calculation of
the Lewenstein integral. (b) Single-atom harmonic spectra gen-
erated by the two fields at different MIR delays. In the calcu-
lations we only sum two short trajectory branches in a single
optical cycle of the NIR field (highlighted by the white area in
(@)). Two delays at the maximum blueshift (5.4 fs) and redshift
(7.6 fs) are indicated with black horizontal lines. (c) Variation
of the harmonic peak position with the delay. (d) Variation of
the single-harmonic yield (515t harmonic, ~ 79 eV) with the
delay.
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order of magnitude higher than the ANr/ Amr =~ 1.73 value
corresponding to the intensity ratio of ~ 3 of the experiment.
The reason for this deviation is given later.

The shift of the harmonic peaks with the delay can be un-
derstood by monitoring the electron trajectories producing the
radiation. In Fig. 4 we plot the ionization and return times of
the short trajectories in the temporal window corresponding
to a single optical cycle of the NIR field (1 NIR o.c.) for the case
where a maximum blueshift and minimum harmonic yield occur
(At = 5.4fs, Fig. 4(a) and (c)) and the case where a maximum
redshift and a maximum harmonic yield occur (At = 7.6 fs, Fig.
4(b) and (d)). The main effect to consider is the relative strength
of the total (NIR+MIR) field in the considered half-cycles, af-
fecting both the relative delay and the strength of the generated
harmonics. For a delay of At = 5.4fs the NIR and MIR fields
add destructively, and the trajectory analysis indicates that in
particular in the second half-cycle the cutoff energy is higher.
Extracting the emission times for the 515t harmonic (~ 79 V) re-
veals that the time difference between the emission events in the
consecutive two half-cycles is AT = 1.3fs = 0.486 NIR o.c.. This
decreased time difference between the two events compared to
the AT = 1.33fs = 0.5NIR o.c. of the MIR-free case means that
constructive interference between the two XUV bursts occurs
at a slightly higher XUV frequency, leading to a blueshift of
the harmonic [15]. For a delay of At = 7.6fs of the fields, we
observe the opposite effect: there is a lower cutoff energy in the
second half-cycle and a AT = 1.36 fs = 0.512 NIR o.c. difference
between the emission of the 515t harmonic in the two half-cycles.
We note here that since the periodicities of the two fields are not
multiples of each other, this effect is only observable if we limit
the effective generation of the harmonics to a few half-cycles.
The choice of a single cycle can be considered as a minimum
value, since at least two emission events are necessary for these
interference effects to be visible, and this is the reason for this
specific selection of window size. At the same time, two optical
cycles, e.g., would still allow the observation of these spectral
shifts according to our single-atom calculations. Nevertheless,
these effects will average out if multiple cycles were taken into
account.

A similar spectral-shift effect is observable in HHG by a sin-
gle short pulse [33-35]. Since the intensity varies considerably
between half-cycles, the interference of the different emissions
leads to a blueshift on the rising, and a redshift in the tailing
part of the pulse. Since HHG emission is typically limited to
the rising edge of the fundamental pulse (either via depletion
[36, 37] or transient phase-matching [27, 31, 32]), a blueshift of
harmonics is the observable effect of the described phenomenon
with single-color generation. Moreover, distortions of the fun-
damental field and changes in its central frequency can cause
spectral shifts of the generated harmonics [38]. In this work we
describe additional spectral shifts, which have a bigger effect on
the positions of the spectral peaks.

In addition to the photon-energy shift of harmonics illus-
trated in Fig. 3(c), there is also a periodic modulation of the
harmonic yield (see Fig. 3(d)). This effect can be well under-
stood if we consider the total field strength (NIR+MIR) at the
times the ionization events happen. For the 5.4fs delay case,
the NIR and MIR fields have opposite sign in the time interval
when the ionization of the electrons with the highlighted tra-
jectories happens (see Fig. 4(a) and (c)). So, we can expect a
reduced ionization probability, and a reduced harmonic yield,
compared to the NIR-only case. This means the rate decreases
when the harmonics suffer a blueshift. In contrast, in the 7.6 fs
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Fig. 4. (a-b) NIR and MIR electric fields at the two delays indi-
cated in Fig. 3(b) corresponding to maximum blueshift (5.4 fs
delay) and maximum redshift (7.6 fs delay) of the harmonic
peaks. (c-d) Ionization and emission times of the considered
trajectories. The photon energy corresponding to the 51°¢ har-
monic considered in Fig. 3(c) is indicated as a horizontal line.

delay case the ionization events correspond to instants when the
two fields add constructively (see Fig. 4(b) and (d)). Therefore
the emission rate increases while the harmonic peak is shifted
downward (redshift).

B. Two-color HHG driven by short pulses

Now we discuss a similar scenario to the one described in the
previous section, but instead of waves with a constant ampli-
tude we consider temporally limited, many-cycle NIR and MIR
pulses with a variable time delay between them. This allows
for more direct comparison with the experimental situation de-
scribed in Section 2. We still impose the time gate for ionization
events indicated by the white area in Fig. 5(a), which temporally
restricts the high-harmonic emission. The specific choice of the
window position (—=5NIRo.c.) is based on the experimentally
observed delay at which the harmonic shifts start to appear.
When a later time window of the emission is chosen, the tempo-
ral delay at which the MIR field is strong enough to modify the
trajectories shifts to earlier times (larger negative delays), since
negative delay means that the NIR pulse arrives before the MIR
pulse. An earlier window position leads to the opposite result,
namely. the appearance of harmonic shifts at smaller negative
delays. The chosen —5NIR o.c. as emission window position fits
best the experimental observations. The considered radiation is
limited to contributions originating from short trajectories, like
previously. Our simulations showed that while this selection is
not crucial (e.g., long trajectories alone also give similar results),
the spectral shifts are more clearly visible with short trajectory
components alone. In the presence of all trajectories, they are
almost totally blurred. This can be explained by the different
influence of the assisting field on trajectories, leading to different
interferences in the spectral domain. Since in our experiments
we clearly see the spectral shifts, we restrict our analysis to short
trajectories.

As it can be seen in Fig. 5(a), when the delay between the
two pulses is decreasing, that is, they start to temporally overlap,
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Fig. 5. (a) Temporal evolution of the generating NIR (red) and
MIR (green) pulses for a negative NIR-MIR delay. We indicate
with the white area a temporal gate that is taken into account —
like in our previous calculations — for the high harmonic gener-
ation, in order to explain the physical mechanisms at play. (b)
Single-atom harmonic spectra generated by the two fields of
(a) at different MIR delays. The red circles indicate the delay
values at which the oscillation of the yield and redshift of 515
(~ 79 eV) harmonic with delay reach a peak. (c) Oscillation
of the harmonic peak position of the 515t harmonic emitted
within the imposed temporal emission gate, and (d) the oscilla-
tion of the yield, both as a function of the NIR-MIR delay.

an increasing amplitude of the assisting MIR pulse falls into
the temporal window. Thus the magnitude of the shifts of the
harmonic peaks increases (see Fig. 5(b) and (c)). As the red-
shifted harmonic yield is higher due to constructive interference
between the two pulses as explained above (see Fig. 5(d)), their
contribution into the final spectrum are stronger, and a stronger
redshifted branch of the harmonic peaks can be observed when
decreasing the delay (see the connected red circles in Fig. 5(b)).

It is also visible in Fig. 5(a) that at delays for which the
spectral shifts are apparent in a broad frequency range (e.g.,
between —50fs and —35fs, see Fig. 2(b)), the ratio of NIR and
MIR field strengths is much larger (by approximately an order
of magnitude) in the relevant emission window (the temporal
domain marked by the white background in Fig. 5(a)) than the
peak electric field ratio of the two pulses. This is the reason for
the bigger ANIrR/ AMir amplitude ratio used in the simulation
with monochromatic fields in the previous section.
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Fig. 6. (a) Single-atom response obtained by calculating the
Lewenstein integral at different delays of the generating
pulses with a temporal gate at —5NIR o.c., each step for fixed
values of the CEP of the NIR and MIR pulses (CEP = 0). (b)
Single atom response as a function of delay with the same tem-
poral gate, but with the spectra at each delay averaged over 13
shots with a random CEP between the NIR and MIR pulses.

In the experimentally recorded delay-scan (Fig. 2) the red-
and blueshifts of the harmonics seem to be continuously chang-
ing with delay, leading to the two separate branches of shifted
harmonic peaks highlighted in Fig. 2(b). Since this is not visible
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in the results of Fig. 5(b), in order to explain these apparent shifts
with delay, we performed further simulations with conditions
replicating additional features of the experiments.

The calculations presented in Fig. 6 are based on calculating
the Lewenstein integral (single-atom response) for different de-
lays between the generating pulses and with a temporal gate
(see Fig. 6(a)). To obtain these results, we applied a window
function (a Tukey window instead of the previous top-hat, better
reflecting real situations) to the generated dipole before calculat-
ing the spectrum. The window is centered at —5NIR o.c. from
the peak of the NIR field (at the rising edge), and it has a flat
1NIR o.c. wide top, sinusoidally decreasing at the wings. In Fig.
6(a), like for the simulations before, it wa assumed that the two
pulses have a fixed carrier-envelope phase (CEP = 0), and the
delay between them is stable. The obtained results show similar
characteristics to that of Fig. 5(b), showing that at delays pro-
ducing maximum redshift of a harmonic approsimately overlap
with the delays of maximum yield (see red circles in Fig. 5(b)).

For a better reproduction of the experimental results in Fig.
2, calculations were repeated assuming that the delay between
the two pulses is not perfectly stable but is fluctuating between
0 and 7 fs with an RMS of 1.5 fs, the latter corresponding to the
temporal step used experimentally. Based on this, we calculate
an average spectrum for each delay by averaging spectra cal-
culated over 13 more closely spaced delays, reproducing the
experimental scans (see Fig. 6(b)). We observe in Fig. 6(b) the
pronounced redshift in the temporally gated single-atom cal-
culations, along with a separate branch of the less prominent
blueshifted harmonics, similarly to the experimentally obtained
spectra of Fig. 2. The results presented in Fig. 6(b) show that
the apparent separation of harmonics to blue- and redshifted
branches with decreasing delay between the two pulses is a re-
sult of an averaging effect. This is because the maximally blue-
and redshifted harmonics are stronger (see Fig. 6(a) around
—50fs delay, which is the delay where separation is seen to
begin in Fig. 6(b)).

One might also assume that the apparent continuous shift
of harmonic peaks with delay is because of the low delay-step
resolution of the experiment. However, the limited resolution of
delay would only result in a continuous spectral shift, if the step
size of delay (6.7 fs in the experiment) coincided with the peri-
odicity of the MIR field (4.4 fs for the 1300 nm pulse) according
to the single-atom calculations. If the two were equal, the oscil-
lating shift with increasing amplitude (see Fig. 5(b)) would be
sampled in a way that would appear as a continuously increas-
ing amount of harmonic shift (like a sampling at delays shown
with red circles in Fig. 5(b)). When the sampling and oscillation
period are not the same, like in our experiment, single-atom
results obtained using CEP-stable pulses do not show a continu-
ous spectral shift of harmonics, but randomly varying spectral
features with delay. So in our experiments, the combination of
a fluctuating CEP and multi-shot acquisition contributed to the
observed spectral features. We also note that our macroscopic
simulations assuming a stable CEP suggest that volumetric aver-
aging effects (serving as a kind of phase averaging) can result in
similar, although less clear, appearance of continuous shifts with
delay. This can lead to similar observations with CEP-stable
pulses, like in a previous work [20].

4. CONCLUSIONS

We studied high-order harmonic generation by the combination
of an 800nm and a weaker 1300nm driving pulse. We found

that the delay between the two pulses has a strong influence on
the generated spectra. As the observed harmonic radiation is
the interference of the elementary events from each half-cycle,
the spectral structures are determined by the relative phases of
these elementary emissions. The experimentally observed shift
of the harmonic peaks with the delay can be well described by
the effect of the weak MIR field on the phase of the generated
harmonics.
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