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The influence of the carrier-envelope phase on high-harmonic generation is investigated, both experimentally and
theoretically, for three different interaction gas media, driven by mid-infrared, few-cycle and CEP-stabilized laser pulses.
Different patterns of harmonic spectra with varying CEP for the three interaction gas media are observed. Furthermore, in
comparing our experiment results to the previous works driven by near-infrared laser pulses, different phenomena are found.
Through numerical simulation, we find that for the two different kinds of driving fields, i.e. mid-infrared and near-infrared

laser pulses, different kinds of electron trajectories contribute to the generation of high harmonics.
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1. Introduction

High-harmonic generation (HHG) was an outstanding
discovery in the 20th century, for it not only provides a sig-
nificant way to generate coherent XUV or X-ray light,[!?]
but also extends the time scale of microcosmic dynamics re-
search to the never-before-accessed attosecond (1 as=10"1% g)
level.!3] Mainly two models are used to describe the mecha-
nism of HHG. The first is the three-step model proposed by
P. B. Corkum.!*®! The three steps are: 1) a free electron is
created through tunneling ionization; 2) the freed electron is
accelerated by an electric field of a laser in its emitted contin-
uum; 3) the electron recombines with its parent ion and lib-
erates its electron energy in the form of harmonic photons.
The second model is based on the principle of Feynman’s path
integral!”l and was derived by Lewenstein et al.!3! It repre-
sents the electron dynamics in the HHG process as the su-
perposition of electron orbits (or electron trajectories) and the
trajectories selected by saddle-point approximation.[®101 Af-
ter decades of development, to achieve the extreme process of
HHG, researchers began to use few-cycle light pulses as the
driving field.!'!! Unlike the many-cycle regime, in which all
processes are insensitive to the carrier-envelope phase (CEP),
in the few-cycle situation the CEP is a key parameter for the
driving field. The exact positions of the nodes and peaks of
the electric field during the pulse determine the ionization and

re-collision of the electron.!'?! Many groups have made great
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efforts in researching CEP’s effects on HHG,!">!'4 i.e., cutoff
energy,!'>16] half-cycle cutoff (HCO),!'”! and HHG conver-
sion efficiency.!'®! However, most of the research on the CEP
effects is based on driving lasers in the near-infrared (near-
IR) spectral band (mostly 760 nm~800 nm).

Corkum’s three-step model, the cutoff energy can be estimated

Considering

by: € =1, + 3.17Up,[19] where I, is the ionization energy of
the interaction medium and U, = E} /4®* is the ponderomo-
tive energy that is due to the laser field. Hence, to achieve
even larger cutoff energy, a driving laser of longer wavelength
was selected for our work. And recently, many groups have
chosen mid-infrared (mid-IR) pulse laser as the driving source

[20-22] Compared with the near-IR driver, in

for HHG process.
a mid-IR field, the freed electron spends more time in the con-
tinuum; hence, CEP has more time to influence the dynamics
of electrons. Thus a full understanding of CEP’s effects on
the spectrum for the case of mid-IR driving field is urgently
needed.

For this paper, we investigated, both experimentally and
theoretically, how CEP’s effects on the HHG spectrum differ
when driven by mid-IR (1.75 pm) and near-IR (800 nm) laser
pulses, respectively. Employing a few-cycle, CEP-stabilized
mid-IR driving field, we observed significant CEP effects on
the HHG spectrum for different gas media. And by comparing
our results to the earlier experimental results for 800 nm ob-
tained by Calegari et al.,[>3! we found the different features of
CEP effects on the HHG spectrum.
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2. Experiment scheme and results

A schematic diagram of the experimental setup is shown
in Fig. 1. The few-cycle (~ 2 cycles) mid-IR driving laser
system (1.75 um; 1.0 mJ; 12 fs, i.e. 10713 s; CEP stabilized)
in our experiment is pumped by a commercial titanium-doped
sapphire laser system (40 fs; 800 nm; 1 kHz) and then ampli-
fied by a three-stage optical parametric amplifier (OPA). After
that an argon-filled hollow fiber (HF) and a pair of fused sil-
ica prisms (W) are used to compress the pulse duration and
compensate the dispersion respectively. A steel tube with an
inner diameter of 1.9 mm and filled with different noble gases

(neon, argon, and xenon) is used as the gas cell. To achieve

800 nm, 40 fs

OPA

optimal phase match, the gas cell is placed on a high-precision
translation stage for movement along the direction of beam
propagation. The harmonic signal is produced by using a con-
cave mirror (CM4, focal length is 210 mm) to focus the driving
field into the gas cell. Aluminum foil, 150-nm thick, is placed
after the gas cell to block the unwanted lower-order harmonics
and the residual mid-IR signal. The HHG spectrum is detected
by a custom-made spectrometer, made of a spherical concave
gold mirror (SCM), a cylindrical concave gold mirror (CCM),
a flat-field grating (1200 lines/mm), and a soft-X-ray charge
coupled device (CCD). By adjusting the thickness of the prism
(W), the CEP of the driving laser pulse can be changed from 0
to 27.

lens  HF (filled Ar gas) W

(i SEpum

CcCM

Alfoil |

pinhole
grating /J

CM4
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Fig. 1. (color online) Schematic diagram of experimental setup for high-harmonic generation. The CEP is stabilized by a difference
frequency generation (DFG) technique in the OPA system. The mid-infrared laser pulse is generated in the OPA and its spectrum is
broadened by the argon gas filled hollow fiber (HF). Then the pulse width is compressed by the fused silica prism (W). The convex
mirror (CM2) and concave mirror CM3 are used as a beam expander for better phase matching. A harmonic signal is generated by
using concave mirror CM4 to focus the driving field into the gas cell. The pinhole and aluminum foil are used to block disturbing

signals.

Figure 2(a) shows the original experimental harmonic
spectrum detected by CCD as a function of the CEP for neon
gas. The CEP is stabilized and changed from —1.57 to 1.57 by
tuning the thickness of the fused silica prisms. Three fractions
of the signal with relatively high intensity in the spectrum, lo-
cated around 80 eV, 105 eV, and 145 eV, can be observed. And
by changing the CEP, significant periodic variation can be ob-
served in the three intense bands, with a period of 7. In addi-
tion, the spectral band located around 145 eV varies with CEP
with a positive slope. Figure 2(b) shows the original experi-
mental harmonic spectrum for argon gas as a function of CEP.
Two separate strong spectra can be seen in Fig. 2(b), located
around 80 eV and 105 eV. Similar to the case of neon gas,
these two spectral segments vary periodically with CEP with
a period of 7w, but with a much lower contrast. Besides, the
intense tilted region of the spectrum around 145 eV is missing

for argon gas. Figure 2(c) shows the harmonic spectrum for
xenon. Much different from Fig. 2(a) and Fig. 2(b), only one
intense spectral region around 75 eV is found, due to the low
ionization energy of xenon, and the spectral band varies with
CEP periodically, with no obvious slope. Figure 2(d) plots the
normalized intensity of harmonic signal at 80 eV as function of
the relative CEP for two gas media: neon (blue line) and argon
(red line), and figure 2(e) shows the case of the harmonic sig-
nal at 105 eV. For neon gas, the CEP varied harmonic signals
at photon energy of 80 eV and 105 eV give a better contrast
ratio than argon gas; that is, the CEP influences the harmonic
spectrum much more for neon gas in those spectral bands, as
shown in Fig. 2(d) and Fig. 2(e). This is caused by the exces-
sive ionization of argon gas in the driving field, for the inten-
sity of the driving field (~ 2.7 x 10'* W /cm?) has exceeded
the saturated intensity (~ 2.0 x 10'* W /cm?) for argon gas.
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Fig. 2. (color online) Experimental harmonic spectra as functions of the relative CEP for three interaction-gas media: (a) neon, (b)
argon, and (c) xenon. (d) Normalized intensity of the selected harmonic signals as a function of CEP at photon energies of 80 eV
for neon gas (blue) and argon gas (red); (e) The case of harmonic photon energy at 105 eV. The photon energy in our experiment is
calibrated by using the sharp aluminum absorption edge in the spectrum. The central wavelength of the driving field is 1.75 um, and
the full width at half maximum (FWHM) is 12 fs. The CEP is changed from —1.57 to 1.57.

As we lack CEP-stabilized few-cycle 800-nm laser
pulses, we have compared our results with previous work!!
that employed a near-IR laser field with the wavelength of
~ 800 nm. Comparing the results shows that the CEP-varied
HHG spectra differ somewhat for mid-IR and near-IR driv-
ing fields. These differences can also be seen from the latter
part of this paper, since our simulation results for 800-nm laser
field are much like the experimental results in Ref. [23]. For
further investigation, we performed the following numerical
simulation.

3. Numerical simulation

In our simulation, we use the first-order propagation
(FOP) equation!** to calculate the evolution of the laser field
and choose the Lewenstein model®! to get the time-dependent

dipole moment of the atom. In addition, in the simulation, the
original driving pulse is assumed in Gaussian form both tem-
porally and spatially. We perform the calculations by using
both the mid-IR and near-IR driving fields. The wavelength
of the mid-IR driving pulse is 1800 nm, the FWHM is 12 fs,
the peak intensity is 2.7 x 10'* W/cm?, and the beam waist is
40 pm. The wavelength of the near-IR driving field is 800 nm;
the FWHM is 5.3 fs with the aim of aligning the same opti-
cal cycles in one pulse as in the mid-IR case, and the other
parameters are the same as in the mid-IR case.

The left and right columns of Fig. 3 show the correspond-
ing simulation results for mid-IR and near-IR driving fields
respectively. The simulation results for mid-IR laser pulse re-
produce our experiment well, as can be concluded by compar-
ing the left column of Fig. 2 with Fig. 3. The ones for near-IR
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driving field are in good agreement with the previous work of
Calegari et al.,'>’) as can be seen by comparing the right col-
umn of Fig. 3 with the results in Ref. [23]. As depicted in
Fig. 3, by comparing the two kinds of driving fields, for the
near-IR case we can see that: the HHG spectrum reaches the
cutoff at lower photon energy; the tilted intense fringes have a
steeper slope; for different gas media, there are no differences
in the trends of the spectra near the cutoff. In the framework
of the Lewenstein model, different electron trajectories con-
tribute to the generation of a harmonic signal, the two most rel-
evant being: so-called ‘short’ trajectories with electron return
time close to half an optical period and ‘long’ trajectories with
electron return time close to one optical period. So to show the
mechanism more deeply, we analyzed the electron trajectories
by time-frequency analysis.!*>! A time-frequency spectrogram
of the harmonic field E}(¢) can be treated as a simultaneous
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representation of the temporal and spectral characteristics of
the harmonic signal. We performed the time-frequency analy-
sis based on the wavelet transform of the harmonic field — the
same mechanism chosen by other groups:[?*23]

Alt,0) = / En(t'Ywr.o(f)dr" )

where w; o (1") = VoW [0(t' —1)] is the wavelet kernel, and
the Morlet wavelet!>! is chosen:

W(x) = (1/v/7)e e /27, )

The other groups!?*?3] have checked that the absolute value of
A(t,m) is related to the parameter 7, but the general pattern
does not change much. So it is reasonable to keep the param-
eter T as a constant throughout the whole calculation. In our
work we set T = 15 to perform the wavelet transform.
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Fig. 3. (color online) Left column shows the simulated HHG spectrum as a function of CEP for three different gas media: (a) neon,
(b) argon, and (c) xenon for mid-IR (1800 nm, 12 fs) driving field; the right column shows the simulated HHG spectrum as a function
of CEP for three different gas targets, (d) neon, (e) argon, and (f) xenon, for a near-IR (800 nm, 5.3 fs) driving field.
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Fig. 4. (color online) The electric field of the driving laser at CEP =7/2 (a) and 7 (e). The rest of the sub-figures show time-frequency analysis results
for a photon energy range from 70 eV to 200 eV. Panels (b), (c) and (d) show the results at CEP = /2 for neon, argon, and xenon gases, respectively.
Panels (f), (g) and (h) show the corresponding results at CEP = for the three gases. The wavelength of the driving field is 1800 nm. For sub-cycle
dynamics analysis, we use the label B; and b;, with i = 1,2,3,4,. .., to indicate the approximate half-cycles where the electron is born for CEP =7/2
and , respectively. For each B; (or b;) electrons can follow ‘short’ trajectories (S) or ‘long’ trajectories (L) to recombine with the parent ion, and the
white solid line marks the location of each of the trajectories in panels (b) and (f).

Figure 4 shows the evolution of electric field and the time-  for CEP = /2 and CEP = &, respectively. Figures 4(a) and 4(e)
frequency analysis of the harmonic signal for a driving field  depict the temporal evolution of the driving pulse’s electric
with 1800-nm wavelength, and the left and right columns are  field. For a given electron trajectory recombination time 7, the
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Fig. 5. (color online) The electric field of the driving laser at CEP = /2 (a) and 7 (e). The rest of the sub-figures show time-frequency analysis results
for a photon energy range from 28 eV to 65 eV. Panels (b), (c), and (d) show the results at CEP = 7/2 for neon, argon, and xenon gases respectively.
Panels (f), (g), and (h) show the corresponding results at CEP =7 for the three gases. The wavelength of the driving field is 800 nm. For sub-cycle
dynamics analysis, we use the label B; and b;, with i = 1,2,3,.., to indicate the approximate half-cycles where the electron is born for CEP =x/2 and
, respectively. For each B; (or b;) electrons can follow ‘short’ trajectories (S) or ‘long’ trajectories (L) to recombine with the parent ion, and the white
solid line marks the location of each of the trajectories in panels (b) and (f).

corresponding ionization time f#, (or birth time) can be esti-  where x(¢) is the path of the electron trajectory, and E (¢) is the
mated by solving the following equation!'?! electric field of the driving laser. As shown in the left (or right)
o column of Fig. 4, the harmonic signals resulting from electrons
0= x(tn) = x(#r) :/tb o E(f')dr'dt, G) born at B, (or b;) half-cycle, with i = 1,2,3,..., are marked
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with B; (or b;) on the time-frequency spectrogram.?%27 And
judging by the difference of ionization time and recombina-
tion time (which can be read from the horizontal axis on the
time-frequency spectrogram), one can tell the corresponding
electron trajectories’ type (say ‘short’ and ‘long’ trajectory).
In addition, one can approximately judge the electron trajecto-
ries’ type by the time-frequency spectrogram in another way.
As reference [27] states, the ‘short’ (‘long’) trajectories in the
time-frequency spectrogram have a positive (negative) slope;
the symbols ‘S’ and ‘L’ in Figs. 4 and 5 are used to indicate
the ‘short’-trajectory and the ‘long’-trajectory harmonics.

Figures 4(b) and 4(f) show the time-frequency analysis
results for neon gas; figures 4(c) and 4(g) are for argon gas; fig-
ures 4(d) and 4(h) are for xenon gas. For the same gas target,
by changing the CEP, the electron trajectories tend to shift hor-
izontally along the time axis, and only the contributions from
the ‘long’ trajectories can be found, as shown in Fig. 4. For
neon and argon gas, the positions of two specific harmonics,
with photon energy of 80 eV and 105 eV, have been marked by
a white dashed line in Fig. 4 and labeled with H80 and H105.
One can see that for H0 and H105 only the electron trajec-
tories with the negative slope (corresponding to ‘long’ trajec-
tories) contribute to the harmonic generation. Figure 5 shows
the evolution of electric field and the time-frequency analysis
of the harmonic signal for a driving field with wavelength of
800 nm at two CEPs. The same trend of horizontal shift can be
seen. However, only the contributions from ‘short’ trajectories
can be found, and the same result can be found in the previous
work by Calegari et al.!?’]

4. Conclusion

In summary, we have investigated, both experimentally
and theoretically, the differences in CEP effects on the HHG
spectrum driven by mid-IR (1800 nm) and near-IR (800 nm)
pulse laser field for different gas media. We kept the same
pulse intensity and the same number of optical cycles in one
pulse for the two kinds of driving fields. The mid-IR driving
field tends to generate the harmonic signal at different photon
energy for different CEPs. Moreover, for a different interac-
tion gas medium, the CEP-dependent HHG spectrum of the
mid-IR driving field manifests different features, while that
of the near-IR driving field does not change much. In addi-

tion, the difference in harmonic signals produced by the mid-
IR driving field at different CEPs arises mainly from the con-
tribution of ‘long’ electron trajectories, while for the case of a
near-IR-driven laser field, the contributions from ‘short’ elec-
tron trajectories are dominant.
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