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We experimentally study the enhancement of high-order harmonic generation (HHG) driven by synthesized ω − 3ω

laser fields, where we control whether the ionization rate or the electron wave packet’s diffusion is the dominant enhance-
ment mechanism. When minimizing the electron wave packet’s diffusion, the excursion times of the corresponding
electron trajectories are reduced by a factor of 2 or more. This result is important for imaging techniques that use the
returning electron wave packet to probe the remaining ion. Furthermore, we achieve a 10× to 3800× enhancement of
the harmonic yield driven by the bichromatic fields relative to that of an optimized single-color field, showing that the
bichromatic fields improve HHG’s capability as a light source. We also measure that the two-color field’s harmonics have
half the divergence angle compared to their single-color counterpart, suggesting that the “short” electron trajectories
play a more prominent role compared to their “long” trajectory counterparts, thus improving the wavefront of the
emerging harmonic beam. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Following the strong-field ionization of atoms or molecules,
the intense oscillatory electric field of a laser may accelerate the
ejected photoelectron back toward the remaining parent ion [1–
3]. During the recollision, this photoelectron may, for example,
recombine with the parent ion and emit radiation in a process
known as high-order harmonic generation (HHG) [4–6] or
rescatter off the parent ion, creating a structured high-energy
photoelectron spectrum [7,8]. In each of these cases, the returning
electron wave packet can be used as a probe to study the structure
and dynamics of the target immediately following ionization and is
the underlying idea of high-harmonic spectroscopy (HHS) [9–19]
and laser-induced electron diffraction (LIED) [20–25].

One challenge in using the rescattering electron wave packet as
a probe is that the classical excursion times associated with each tra-
jectory determine when the remaining ion is probed. To tune the
excursion times, researchers try to control the returning trajectories
by manipulating the ionizing electric fields. For example, Blaga
et al. [21] controlled the electron trajectories’ excursion times by
changing their laser’s wavelength to probe O2 and N2 molecules via
LIED. Alternatively, Brugnera et al. [26] proposed controlling and
enhancing the so-called “long” electron trajectory contributions in
HHG using orthogonally polarized ω− 2ω laser fields, allowing
them to probe the remaining ion at different times compared to
the “short” trajectories. While both of these examples accomplish
the goal of probing the remaining parent ion at different times, it

is beneficial to develop alternative methods that take advantage of
the dominant short-trajectory electrons and are relatively simple to
implement.

In this paper, we experimentally demonstrate a method that
significantly changes the excursion time of the short-trajectory
electrons by controlling the relative phase and intensities of
a bichromatic ω− 3ω laser field. Even though our proof-of-
principle measurement is demonstrated using HHG from argon,
our results should be applicable to any electron rescattering-based
process, since it has been shown that the Coulomb potential of the
remaining ion has little effect on the electron trajectories [2,25,27].

In addition to HHG’s importance as a spectroscopic tool for
imaging the structure and dynamics of the target molecule, it
also has shown promise as a table-top source of coherent extreme
ultraviolet (XUV) to soft x-ray radiation with attosecond pulse
durations [6]. Since its discovery, researchers have investigated
various methods to increase the photon flux produced by HHG
and improve the beam quality to make it a more viable light source
[6,28–38].

One approach to enhance the photon flux of HHG-based laser
sources is to build driving lasers that produce higher pulse energies
and repetition rates to generate harmonics [6,28–30]. An alterna-
tive approach is to increase HHG’s conversion efficiency, which
is typically on the order of 10−5 or lower [2,3]. Many techniques
focus on the macroscopic conversion efficiency through improving
the phase matching of HHG [2,3,39,40], either by controlling the
plasma defocusing mechanism in the medium [31] or by changing
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the geometry of the target medium using gas cells [32–34] or gas-
filled waveguides [35–38]. Other approaches focus on enhancing
the single-atom or molecule conversion efficiency by changing the
wavelength of the driving fields [15,41–45] or using multicolor
fields [46–62].

Focusing on multicolor driving fields, Jin et al. [58] theoretically
proposed using ω− 3ω laser fields to enhance the HHG yield by
2 orders of magnitude. Since macroscopic phase matching favors
short trajectory electrons, their idea is that bichromatic fields can
be tuned to enhance HHG by boosting the ionization rates leading
to a subset of electron trajectories that return to the remaining ion
and maximize the contributions of the short trajectory electrons
compared to other competing trajectories.

In this paper, we study the phase-dependent enhancement
of HHG driven by two-color 800-266-nm laser fields over their
optimized single-color counterparts. When performing this mea-
surement, we chose to fix the input pulse energy, since this situation
represents the real-world scenario where the output power of the
driving laser is limited. In this case, we observe a 10× to 3800×
enhancement over the 800-nm field, which is optimized for maxi-
mum high-harmonic photon flux by adjusting its pulse energy and
focusing conditions.

Furthermore, we relate the relative two-color phase optimizing
each harmonic order above the ionization threshold of the target
gas to its corresponding electron trajectories by simultaneously
measuring the ionization in the target medium. By tuning the
relative intensities between the fields, we demonstrate control over
whether the quantum diffusion, i.e., dispersion, of the electron
wave packet or the ionization rate plays a larger role in maximizing
the resulting high-order harmonic yield. To our knowledge, this is
the first experimental evidence of such control.

Finally, the smaller divergence angle of the enhanced harmonics
produced by the two-color fields compared to the 800-nm field
supports the assertion that we are optimizing the short over the
long trajectories, since they can be distinguished in the far field
[26,63,64]. More importantly, by optimizing the short trajec-
tories, we improve the wavefront of the resulting photon beam,
allowing for better refocusing of the emerging harmonic beam after
its generation [64], thus increasing the potential applicability of
HHG-based light sources driven byω− 3ω laser fields.

2. EXPERIMENTAL SETUP

This section briefly describes our experimental setup, shown
schematically in Fig. 1(a). We specifically focus on the unique
aspects of our setup compared to other standard HHG setups,
e.g., see Refs. [60–62] and previous iterations of our own setup
described elsewhere [65,66]. A more complete description of the
experimental setup can be found in Supplement 1.

We produce the 800-266-nm driving laser fields using a two-
color interferometer, where the third harmonic is generated in a
single arm, labeled arm B in Fig. 1(a), using a standard setup of
BBOs, calcite, and wave plates [42,67]. There are several unique
features of our interferometer worth noting. First, we tune the
dispersion of the 800-nm pulse propagating through arm A, shown
in Fig. 1(a), to simultaneously maximize the harmonic yield, cut-
off photon energy, and ionization rate in the target gas, creating
the shortest pulse possible on target. In other words, we tune the
dispersion of that pulse by adjusting the compressor grating to
compensate for transmission through the wave plate, beam split-
ters, air, and entrance window into the vacuum chamber. On the

other hand, the 800-nm pulse that traverses arm B has negative
dispersion, since it does not travel the same optical path. Therefore,
to compensate for this negative dispersion and maximize the
third-harmonic generation, we insert a 2-mm thick SF11 glass
plate before the third harmonic generation (THG) setup located in
arm B. This way, we minimize the dispersion experienced by each
optical path while simultaneously maximizing the third-harmonic
conversion efficiency. Second, to stabilize the interferometer, we
dampen vibrations by isolating the breadboard it is built on from
the optical table using mechanical vibration isolation mounts
(Newport VIB100). Without any external optical feedback, we
measured an RMSE stability of about 50 as over 3 min by imag-
ing the interference pattern of a CW laser. The time-dependent
interference pattern is shown in Fig. 1(b) and the resulting phase
stability in Fig. 1(c). Given that the optical period of the 266-nm
laser field is approximately 900 as, this high stability enables a
two-color phase-control measurement.

We then use the bichromatic field to generate harmonics in a
thin argon gas jet, introduced into the vacuum chamber via a glass
capillary with an inner diameter of 250 µm, i.e., approximately
a factor of 5 less than the Raleigh range of the focused 266-nm
laser beam. We use a thin target to minimize volume averaging and
propagation effects that would complicate the results’ interpre-
tation. In Supplement 1, we include additional details about the
beam widths in the gas jet, the position of the gas jet with respect
to the focus of the driving fields, and how we spatially overlap
the beams within the generation medium. Finally, we image the
generated harmonics using a standard flat-field spectrometer [68].
To determine the optimal conditions for the single- and two-color
driving fields, we adjust the focus of the laser with respect to the gas
jet to maximize the yield of the plateau harmonics. A sample of raw
harmonics spectra, i.e., before applying any efficiency corrections
or background subtraction, are included in Supplement 1.

Perhaps most importantly, we simultaneously measure the ion-
ization yield caused by the driving field’s interaction with the argon
target using a channeltron detector located approximately 2.5 cm
from the jet. Specifically, the voltage on the channeltron detector
is set to attract the argon ions, with an approximate electric-field
strength of 20 V/mm in the interaction region.

3. RESULTS

This section presents our experimental findings for HHG
enhancement by 800–266 nm laser fields over its single-color
counterparts. Specifically, we explore the enhancement for
two different intensity ratios, one where the intensity of each
color is approximately equal with values of 1.3× 1014 and
1.0× 1014 W/cm2, respectively, which we refer to as (1.3:1.0)
throughout the rest of the paper. The second is an unequal inten-
sity ratio of (3.0:0.4), i.e., a third-harmonic intensity of about
10% the fundamental. We observe 1 to 3 orders of magnitude of
HHG enhancement driven by the two-color fields compared to the
single-color 800-nm field.

Furthermore, we exhibit control over whether the ionization
rate or electron wave packet’s diffusion is the dominant enhance-
ment mechanism by changing the relative intensity ratios between
the two colors. To our knowledge, this is the first experimental
demonstration of such control. Finally, the divergence angle of the
harmonic beams produced by the two-color fields is generally half
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Fig. 1. (a) Schematic of the experimental setup (see text and Supplement 1 for description). (b) Measured interference pattern of a continuous-wave laser
at the output of the interferometer, which is used to determine the stability of the interferometer. (c) Fourier analysis of (b) demonstrating a vibrational sta-
bility of 49.8 as over 170 s without any external feedback to the interferometer. Note that all axes in panels (b) and (c) are plotted using linear scales.

of the single-color 800-nm driving field, suggesting that the short
trajectories are enhanced compared to the long trajectories.

A. HHG Enhancement

For experimentalists, the main limiting factor for increasing the
high-harmonic photon flux is the maximum energy per pulse their
laser provides, assuming a fixed repetition rate. Therefore, when
comparing harmonics produced from the different driving fields,
we use the same pulse energies before the interferometer as the
single-color 800-nm driving field’s pulse energy. Likewise, for
the single-color 266-nm field, we fix the pulse energy at the input
of the optics generating the third harmonic. Then, to maximize
the overall harmonic yield, we adjust the focusing conditions. It
is worth noting that the two-color and single-color fields driving
HHG do not have the same pulse energy due to the third har-
monic’s conversion efficiency, which is about 15% of the 800-nm
pulse’s energy input into the third-harmonic generation’s mixing
crystals. Nevertheless, we observe significant enhancements in the
harmonic yields despite the lower total pulse energy on target of
the two-color driving fields. For more information about the input
pulse energies, see Supplement 1.

In Fig. 2(a), we plot the harmonics yields for the optimized
single color 800- and 266-nm fields as well as for both two-color
intensity ratios. These yields are integrated over the divergence
angle and bandwidth as well as corrected for each harmonic’s
detection efficiency (see Supplement 1). For the two-color fields, it
is worth noting that the relative phase between the fields is chosen
to independently maximize each individual harmonic’s yield.
Furthermore, Fig. 2(b) shows the enhancement for both intensity
ratios of the bichromatic driving fields and single-color 266-nm
field with respect to the single-color 800-nm field. Specifically,
we define the enhancement as the integrated photon yield pro-
duced by the two-color or 266-nm field divided by the yield of
our optimized 800-nm field. We observe that both intensity ratios
outperform the optimized 800-nm field by at least 1 order of
magnitude.

Fig. 2. (a) Harmonic yields driven by ω (pink), 3ω (purple), and
ω− 3ω for the (3.0:0.4) (blue) and (1.3:1.0) (black) intensity ratios;
(b) Enhancement of harmonics generated by the 800-266-nm fields over
the optimized single-color 800-nm. All graphs are shown as a function of
photon energy and harmonic order (top axis). Note that the x axes of these
plots are scaled linearly while the y axes are scaled logarithmically.

For photon energies above 20 eV, both two-color intensity
ratios approximately enhance the HHG photon yield by about
1 order of magnitude. The main difference between these ratios
is observed in the resulting beam’s divergence angles, which is
further described in Subsection 3.C. For photon energies below
20 eV, the approximately equal (1.3:1.0) intensity ratio leads to
larger enhancement. Specifically, the 9th and 11th harmonics
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outperform the single-color driving field by 3 and 2 orders of
magnitude, respectively. It is important to note that the photon
energy of the 9th harmonic lies below the ionization threshold of
argon at 15.76 eV [69], while the 11th harmonic is located slightly
above. It has been shown that resonances can play a prominent
role in the generation of below- and near-threshold harmonics
(see the review by Xiong et. al. [70]). In the case of argon, the ninth
harmonic at 14.2 eV lies near several Rydberg states, such as the
3s2 3p5(1 P o

1/2)
3D [69], which may help significantly enhance

the harmonic’s yield. To determine the roles of these resonances,
calculations and more careful experiments must be conducted in
the future. For our experiment, the difference in enhancement
between the two intensity ratios is mainly attributed to the sig-
nificantly stronger third-harmonic field, which dominates the
production of the ninth harmonic, as shown for the optimized
266-nm driving field.

B. Phase-Dependent HHG Yield

To determine the electron trajectories that optimize each
harmonic’s yield, we perform a two-color phase-dependent
measurement of the HHG and ionization yields simultaneously.
Specifically, in Fig. 3(a), we show the harmonic yield, integrated
over the divergence angles, as a function of the relative phase (time
delay) between the colors of the bichromatic 800-266-nm laser
field and the photon energy for the approximately equal (1.3:1.0)
intensity ratio. Figure 3(c) shows a similar plot, but for the unequal
intensity ratio of (3.0:0.4). It is worth noting that in Figs. 3(a) and
3(c), we normalize the maximum yield of each harmonic to unity
to help visualize the phase dependence. Additionally, the magenta
symbols in Figs. 3(a) and 3(c) denote when each harmonic is
maximized within one period of the oscillations. We also show the
associated normalized integrated ion yield for the (1.3:1.0) and
(3.0:0.4) intensity ratios in Fig. 3(b). Specifically, we scaled both
ionization yields such that the maximum value of the (1.3:1.0)
ratio is normalized to unity, demonstrating that the ionization
yield is 5.4 times higher for the (3.0:0.4) intensity ratio. For the rest
of this section, we focus on interpreting the observed phase shift
between the ionization and the maximum yield of each harmonic.

The phase-dependent total ionization yield provides us with an
in situ measurement of the relative phase between the laser fields
because the yield is expected to peak when the two-color fields are
in phase [71]. Therefore, since we know the pulses are not signifi-
cantly chirped from our frequency resolved optical gating (FROG)
measurements, we can determine the combined electric field that
is expected to contribute most to our observed signals, i.e., near
the peak intensity of the Gaussian envelope of the pulse. With this
information, we then unambiguously relate the measured phase
corresponding to the maximum harmonic yield to its associated
electron trajectories. As we demonstrate in this section, the phase
shifts between the maximum harmonic yield and ionization rate
suggest that the observed enhancement is not simply due to the
increased intensity of the bichromatic field, as the harmonics are
not maximized whenφq − φi = 0.

To determine the relative phase shift between each harmonic
order and the peak ionization yield, we fit the function

Yq ,i (t)= Aq ,i cos
(
3ωt + φq ,i

)
+ yq ,i (1)

to the ionization yield and integrated yield of each harmonic. In the
above equation, the subscripts q and i refer to the q th harmonic and

Fig. 3. (a) Measured harmonic yield integrated over divergence angles
as a function of the time delay (i.e., relative phase) and the photon energy
of the two-color 800-266-nm field for the intensity ratio of (1.3:1.0).
Note that the maximum amplitude for each harmonic is scaled to unity to
help visualize the phase-dependent yield oscillations. The magenta sym-
bols denote the phases at which each harmonic is maximized, as extracted
from the fits (see text). (b) The scaled ionization yields as a function of
the time delay between the fields for the (1.3:1.0) and (3.0:0.4) intensity
ratios, denoted by the black and blue symbols, respectively, are associated
with the y axis of the same color. The solid lines display the fits to the data.
The data for both intensity ratios are scaled such that the maximum value
of the (1.3:1.0) intensity ratio is unity, demonstrating that ionization is a
factor of 5.4 higher for the (3.0:0.4) ratio. (c) Same as panel (a), except for
an intensity ratio of (3.0:0.4); (d) extracted phase shifts for each harmonic
order (φq ) with respect to the peak ionization yield (φi ) for both intensity
ratios; the displayed uncertainty is at the 2σ level. Note that all axes in this
figure are scaled linearly.

the ionization, respectively, ω is the frequency of the fundamental
field, φq ,i is the phase shift, Aq ,i is the amplitude of the oscilla-
tion, and yq ,i is the yield offset from 0. At this point, it is worth
noting that we arbitrarily set the time delay (relative phase) axes in
Figs. 3(a)–3(c) such that the extracted φi is zero. In Fig. 3(d), we
show the extracted phase shifts φq of each harmonic with respect
to the ionization, i.e., φq − φi , for both intensity ratios. It is worth
mentioning that the line traced by the magenta points in Figs. 3(a)
and 3(c) appears “flipped” compared to the one shown in Fig. 3(d)
due to the time to frequency conversion.

To interpret the observed phase shifts, we must first under-
stand what physical mechanisms affect the HHG yield at the
macroscopic and single-atom level. Macroscopically, we employ
a thin gas jet (nozzle diameter of 250 µm) to minimize phase-
mismatching effects along the propagation direction of the laser,
such as modification of the driving field due to absorption and
dispersion as well as the reabsorption of the generated high har-
monics [2,3,38–40,72,73]. As shown in Refs. [74,75], ionization
provides a natural method for quantitative determination of phase-
matching conditions as it is an in situ measurement of the number
of emitters. While not shown here, we routinely check phase-
matching conditions through the ionization yield and harmonic
cutoff. Our conditions are very similar to that of Shiner et. al. [74],
where they measured the wavelength scaling of HHG’s efficiency
at the single-atom level. Therefore, interpreting the phase shift
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between the maximum ionization and harmonic yields at the
single-atom level should be a reasonable approximation under our
experimental conditions.

At the single-atom level, HHG can be explained using the three-
step model [27,76,77], where an electron is ionized, accelerated in
the laser field, and then recombined with the parent ion emitting a
photon. Furthermore, from the quantum mechanical strong-field
approximation (SFA), i.e., the Lewenstein model [27], we know
that the main mechanisms influencing the harmonic yield are the
ionization rate and the electron wave packet’s dispersion while
traversing the continuum, which appears like a classical excur-
sion time within the expression for the time-dependent dipole
(see Supplement 1 for further discussion). It is worth noting that
within this model, the recombination probability is independent
of the electric field as long as the ionization of the medium is small
enough to not deplete the ground state. Furthermore, it is impor-
tant to note that the classical electron trajectories are approximately
equivalent to the trajectories predicted using SFA (Lewenstein
model) within the saddle-point approximation [3,27]. Therefore,
our simulations referred to throughout the rest of the paper show
the classical trajectories, which are calculated using the standard
approach for two-color fields [2] and are explained further in
Supplement 1. We also only focus on the short trajectory electrons
because the diffusion of the wave packet and the macroscopic phase
matching favors them over the long trajectories, especially when
the focus is located before the target gas jet [2,39], as is the case in
our experiment. It is important to note that the explanations given
above (in this paragraph) are only applicable to the harmonics with
photon energies above the ionization potential of the argon target.
Therefore, in this section, we only focus on the phase dependence
of those harmonics.

Figures 4(a) and 4(b) show the excursion times of the possible
trajectories returning within one cycle of the fundamental field
leading to the central photon energies of the 15th and 19th har-
monics, as a function of the relative phase between the two-color
laser fields for the intensity ratio of (1.3:1.0). The measured phase
φq − φi that optimizes each harmonic is marked by the solid black
vertical lines, and the line colors correspond to the electric field
strength normalized to its maximum possible value when the
two-color fields are in phase. Interestingly, each harmonic exhibits
complicated phase-dependent structure in the short trajectories,
i.e., trajectories with excursion times shorter than 1.5 fs. For exam-
ple, the 15th harmonic trajectory’s excursion times, shown in
Fig. 4(a), change by about a factor of 2. Specifically, we find that
the excursion time changes from 0.54 fs at φ = 0.5π to 1.15 fs at
1.3π . Notably, the measured harmonic yield is maximized when
the trajectory’s excursion time is approximately shortest instead of
when the electric field strength, and hence the ionization, is largest.
This result suggests that the wave packet’s diffusion has the largest
influence on enhancing each harmonic’s yield. It is important
to note that in the region where the excursion time is shortest,
i.e., from about 0− π for the 15th harmonic, the experimentally
measured phase optimizing the harmonic yield shifts to the right
side of the region where the electric field strength is stronger. In
other words, the phase corresponds to a “Goldilocks zone” where
the combination of the relatively large ionization rate and the
smaller quantum diffusion lead to the maximum harmonic yield.
We observe similar behavior for the other harmonics, but show
only the 15th and 19th harmonics for brevity.

For the unequal (3.0:0.4) intensity ratio in Fig. 4(c), we show
the corresponding phase-dependent trajectories as previously

Fig. 4. Excursion times of the classical electron trajectories contrib-
uting to the (a) 15th and (b) 19th harmonics, as a function of relative
phase between the 800- and 266-nm laser fields for the approximately
equal intensity ratio of (1.3:1.0). The colors of the lines represent the
normalized strength of the electric field at the time of ionization for
each trajectory. The solid black vertical lines show the measured phase
corresponding to the maximum harmonic yields, while the dotted lines
represent the uncertainty (at the 2σ level). Similarly, panels (c) and
(d) show the equivalent plots but for an intensity ratio of (3.0:0.4). Note
that all axes in this figure are scaled linearly.

explained for the 15th harmonic. It is important to note that the
other harmonics follow similar trends, where we show harmonic 19
as an example in Fig. 4(d). Surprisingly, this intensity ratio exhibits
a strikingly different behavior compared to the equal intensity
ratio. For example, the short trajectories’ excursion times do not
change as much, only changing from about 0.56 fs atφ = 0.75π to
about 0.92 fs at 1.7π for the 15th harmonic. Also, the maximized
harmonic yield picks out the phases near where the ionization rate
for that trajectory is maximized, though slightly shifted towards
shorter excursion times.

Our experimental results demonstrate that tuning the inten-
sity ratio of the bichromatic driving field allows one to control
whether the ionization rate when the wave packet is launched or
the wave packet’s diffusion while traversing the continuum has a
larger influence over enhancing the harmonic yield. Furthermore,
by tuning the relative phase between the fields with an intensity
ratio of (1.3:1.0), we control the dispersion of the wave packet
on attosecond time scales, changing the excursion times of the
electrons by a factor of 2 or more. This significant control over the
electron’s excursion times is applicable to various methods that rely
on the timing of the rescattering electron wave packet to probe the
system’s dynamics.

Finally, and perhaps most importantly, this control over the
rescattering electron wave packet is expected to be independ-
ent of the fundamental wavelength of the driving ω− 3ω laser
field. Therefore, by going to fundamental fields with longer cen-
tral wavelengths, the change in excursion times can be further
increased, providing researchers with a broader range of recollision
times to probe the remaining ion.

It is worth noting that our phase-dependent results suggest a
means to increase the resulting harmonics’ yield by finding inten-
sity ratios that maximize the ionization rates at phases for which
the excursion time of the short electron trajectories is the shortest.
Hopefully, by exploring this further and combining it with other
enhancement techniques that exploit different phase-matching
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mechanisms, like using gas cells [32–34] or waveguides [35–38],
the larger enhancements theoretically predicted by Jin et. al [58]
may be reached.

C. HHG Divergence

Studying HHG’s divergence is important in measuring the har-
monic beam’s wavefront quality. Since the accumulated dipole
phase for the short and long trajectories have different intensity
dependencies [78–80], each trajectory’s contribution is maximized
for different phase-matching conditions [2,64]. Focusing on the
harmonic’s divergence, the spatial intensity profile of the laser leads
to the long and short trajectories separating spatially in the far field,
where the long trajectories typically have a larger divergence angle
than the short trajectories [26,63,64]. This separation in the far
field gives rise to chromatic aberrations [64,81,82] that affect the
spatial quality and wavefront of the refocused harmonic beam.
Therefore, to minimize the aberrations, it is beneficial to minimize
the contributions of the long trajectories both on the macroscopic
and single-atom level. In our experiment, we placed the focus
of all driving fields before the target gas jet, thus minimizing the
contributions of the long trajectories [2,39]. Furthermore, theo-
retical work by Jin et al. [58] suggests that two-color driving fields
may further decrease the contributions of the long trajectories. To
explore whether this is the case, we compare the divergence of the
bichromatic fields to the single-color 800-nm field.

In Fig. 5, we show the measured divergence of the harmon-
ics generated by the bichromatic and single-color driving fields.
In particular, Fig. 5(a) shows the measured harmonic spectrum
as a function of the photon energy and divergence angle for the
800-266-nm driving fields for the (1.3:1.0) intensity ratio. Note
that the relative phase between the two-color field chosen is the
average of the phases shown in Fig. 3(d) for this intensity ratio.
It is important to note that each harmonic’s maximum value in
Fig. 5(a) is scaled to unity to help visualize the divergence better.
In Fig. 5(b), we compare the yields of the 17th harmonic as a func-
tion divergence angle for both two-color intensity ratios as well as
the single-color 800-nm driver. From this plot, it is clear that the
bichromatic fields significantly outperform the 800-nm driving
field.

To quantitatively compare the divergence of each harmonic
order, in Fig. 5(c) we plot the measured full-width divergence
angle at 1/e2 of the maximum intensity as a function of harmonic
order for the bichromatic and single-color driving fields. For the
harmonics produced by the two-color fields, we plot the divergence
angle at the phase where each harmonic’s flux is maximized. One
can see that, for most harmonic orders, the bichromatic fields
produce less divergent beams than the 800-nm field. This result
is consistent with the assertion by Jin et al. [58] that HHG by
ω− 3ω driving fields enhances the short over the long trajecto-
ries. Furthermore, the (1.3:1.0) intensity ratio produces smaller
divergence harmonics than the (3.0:0.4) ratio, with the exception
of the ninth harmonic. This result may arise from the difference
in excursion times of the electron trajectories for each intensity
ratio, though this calls for further investigation. It is important to
note that the ninth harmonic may have a significantly different
divergence angle due to contributions of resonances [70] in argon
[69], as discussed in Subsection 3.A.

It is worth noting that there are two other conditions of our
experiment that also may assist in minimizing the divergence of
the generated harmonics. First, since we are generating the third

Fig. 5. (a) Photon yield as a function of the photon energy and diver-
gence angle for the intensity ratios (1.3:1.0); several harmonic orders are
marked on the figure for clarity; (b) integrated yield of the 17th harmonic
as a function of its divergence angle for the single- and two-color laser
fields, normalized so the maximum value is set to unity; the color coding
follows the legend in panel (c); (c) measured full-width divergence angle at
1/e 2 of the maximum intensity of each harmonic order for the single- and
two-color driving fields. Note that all axes in these plots are scaled linearly.

harmonic in one arm of the interferometer instead of before the
interferometer, we eliminated the wavefront distortions in the 800-
nm beam due to depletion during the third-harmonic generation
process. Second, as discussed in Supplement 1, the beam diameter
of the third harmonic is about 75% the size of the diameter of the
fundamental beam. As a result, we are spatially selecting the central
portion of the fundamental driving field, which may also assist
in minimizing the divergence of the harmonics by decreasing the
contributions generated further off-axis.

To reiterate the important message of this subsection, the
bichromatic fields produce harmonic beams with smaller diver-
gences due to minimizing the contributions of the long trajectories.
Since the short and long trajectories have different wavefronts and
phases, minimizing the long trajectories allows the resulting beams
to have better wavefronts, improving the focusing quality and
brightness of the photon source.

4. CONCLUSION AND OUTLOOK

We explored the phase-dependent enhancement of HHG driven
by ω− 3ω laser fields for two different intensity ratios, namely,
when the intensities are approximately equal (1.3:1.0) and sig-
nificantly different (3.0:0.4). By measuring the phase-dependent
harmonic spectrum and ionization yields simultaneously, each
harmonic’s phase dependence is related to its corresponding elec-
tron trajectories. Then, one can control whether the ionization rate
or the electron wave packet’s diffusion plays the dominant role in
enhancing HHG by tuning the intensity ratios and relative phase
between the two colors. Furthermore, for the (1.3:1.0) intensity
ratio, the recolliding electron’s classical excursion time is changed
by a factor of 2 or more. Finally, we show that the enhancement and
divergence of HHG driven by the bichromatic fields compared to
the 800-nm field produce brighter harmonics (by 1 to 3 orders of
magnitude) and less divergent beams (by a factor of 2).

https://doi.org/10.6084/m9.figshare.15052533
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Our results are applicable to a wide variety of situations in
strong-field-induced rescattering physics. While the HHG’s
enhancement may be unique to our specific experimental condi-
tions, the significant change in the electron’s classical excursion
times as a function of relative phase is independent of the driving-
field’s wavelengths. Therefore, we expect similar results for a
variety of bichromatic driving fields, as long as the intensity ratio
is properly selected. In addition, the relative-phase-dependent
change in the electron’s excursion time has the potential to control
when the returning electron wave packet probes the remaining ion,
which is crucial in HHS and LIED techniques.

One may improve upon our results by exploring other phase-
matching media, such as gas cells and waveguides, or by finding the
optimal intensity ratios that simultaneously maximize the ioniza-
tion rates and minimize excursion times of the short trajectories.
Also, the improved divergence of the harmonic beams produced
by the ω− 3ω fields indicates that the long electron trajectory
contributions are significantly suppressed, therefore improving
the beam’s spatial and temporal qualities, which can be beneficial
for spectroscopy, coherent imaging, and industrial metrology
applications [64].
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