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Abstract: We present a novel approach for measuring the carrier-envelope phase (CEP) stability
of a laser source by employing the process of high harmonic generation (HHG) in solids. HHG in
solids driven by few-cycle pulses is very sensitive to the waveform of the driving pulse, therefore
enabling to track the shot-to-shot CEP fluctuations of a laser source. This strategy is particularly
practical for pulses at long central wavelength up to the mid-infrared spectral range where
usual techniques used in the visible or near-infrared regions are challenging to transpose. We
experimentally demonstrate this novel tool by measuring the CEP fluctuations of a mid-infrared
laser source centered at 9.5 yum.

© 2020 Optical Society of America

1. Introduction

Today’s commercial laser technologies routinely provide laser pulses with durations of a few tens
of femtoseconds, with the most advanced laser sources delivering pulses down to the single-cycle
limit [1]. In this regime, the waveform of the electromagnetic field under the pulse envelope varies
with the carrier-envelope phase, and plays a key role in the outcome of nonlinear interactions
with atoms [2—4], molecules [5—7], and solids [8—11]. In particular, control of the CEP was the
key technological milestone to generate isolated attosecond pulses [12—-14].

Nearly two decades ago, various techniques were explored to track and control the CEP of
mode-locked oscillators [15-17] with the demonstration of controlling the phase evolution of
few-cycle light pulses from oscillators to seed kHz chirped pulse amplification laser systems [18].
Based on this pioneering work, most techniques used nowadays to measure the CEP stability of
laser sources are based on the interferometry of two pulses, derived from the initial pulse to be
characterized. This pulse is divided into two arms: one to be up-converted to the second [19-21]
or third [22,23] harmonic of the fundamental frequency, and the second one to be spectrally
broadened by supercontinuum generation until its spectrum overlaps with the harmonic of the
first arm. In this particular spectral range, interference between the two arms results in fringes
following the CEP of the fundamental pulse. Indeed, while the spectral distance of the fringes is
determined by the fixed delay between the two arms, their position directly depends on the CEP.
Therefore, the observation and single-shot measurement of the position of these fringes enables to
(i) demonstrate the capability to stabilize and control the CEP for a specific architecture or design
of a laser source; (ii) measure the shot-to-shot fluctuations of the CEP and evaluate the CEP
stability by recording these fluctuations over many single-shot measurements; (iii) implement a
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loop to retro-actively correct for the long-term drifts of the CEP.

While for many applications only the relative phase variation from shot-to-shot is sufficient
to be known, other techniques enable to characterize the absolute phase of a laser field [24],
such as stereo-ATI [2] (above threshold ionization) or electro-optical sampling [25,26], but they
are in general more complex to implement than techniques that only measure the relative CEP
variations.

Recently, the generation of octave (and beyond) spanning spectra and CEP stabilized fem-
tosecond pulses at long wavelengths towards the mid-IR spectral range has become a very
active field driven by a wide variety of applications, at both low repetition rate for high energy
pulses [20,26-28] and high repetition rate for high average power [29-32]. For example, such
high energy mid-infrared (IR) pulses are promising to extend the generation of attosecond pulses
towards the soft X-rays through HHG in gas [33-35]; to provide new tools for studying condensed
matter physics such as HHG in solids [36,37] and for the sub-cycle control of electronic dynamics
in low bandgap materials [38]; as well as to perform photoelectron streaking with a combined
large temporal window and a high temporal resolution [39].

However, there is still a lack of practical diagnostics to measure the CEP stability of such
pulses. Therefore, recent works [27,30] presenting novel schemes to generate CEP stable mid-IR
pulses assume the stability of their waveform because the source is based on difference frequency
generation (DFG) between phase-locked frequencies, an approach that was proven to provide
CEP stable pulses in the near-IR [40]. But these studies contain no measurement to properly show
the CEP stability because, to date, it is very challenging to transpose the metrologies available
to measure the CEP stability in the near-IR and IR to the mid-IR. In fact, very few (and very
expensive) spectrometers enable single-shot measurements above 2.5 um, thus, f-2f and f-3f
interferometry techniques cannot be implemented easily above 5 and 7.5 um respectively. Liang
and co-workers [41] proposed the f-3f approach to measure the CEP stability of a mid-IR source
centered at 6.4 yum. Using DFG between near-IR and mid-IR pulses and the interference with a
replica of the near-IR pulse, single-shot tracking of the CEP of mid-IR pulses centered at 17 um
was realized [42].

While using the f-2f and f-3f approaches for the mid-IR spectral range are currently limited by the
range of available detectors, we are exploring an alternative strategy. Recent publications [43—45],
focusing on the understanding of the HHG mechanisms by comparing theoretical models to
the experimental results, have shown that HHG in solids driven by few-cycle pulses is highly
sensitive to the CEP, confirming to some extent the CEP stability of the source. A drift in the
shape of the harmonic spectra and position of its peaks is observed while tuning the CEP.

In the present paper, we propose to use this process as a novel class of diagnostics to track and
measure the CEP stability of a laser source. As the position of the harmonic peaks encodes the
CEP of the driving pulse, we perform a first measurement to record the harmonic spectrogram as a
function of the CEP, averaged over many shots to smooth the effect of remaining CEP fluctuations.
Note that acquiring such spectrogram already demonstrates the CEP stability of the source
and the capability to control the laser waveform. In addition, single-shot measurements of the
harmonic spectra are taken, and their spectral profiles are compared to the reference spectrogram
for the extraction of the relative CEP for every shot. Finally, single-shot measurements over many
laser shots enable to evaluate the CEP fluctuations of the source. Note that the proposed phase
meter is only sensitive to the relative phase variations from shot-to-shot which provides sufficient
information for many applications.

This characterization method simplifies drastically the experimental setup compared to
interferometry, given that the source has sufficient peak power to drive high harmonic generation
from solids. Note that there has been recent progresses for driving HHG from solids with high
repetition rate IR laser systems delivering ~10 nanojoules pulses through the enhancement of
the process with nanostructures [46]. Combined with our approach, this could be useful to
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characterize the CEP fluctuations of high repetition rate mid-IR laser sources. As based on HHG
in solids, the signal to measure in the proposed technique is transposed to high orders of the
fundamental wavelength. Thus, it is naturally suited for the characterization of the relative CEP
of pulses in the mid-IR range since HHG in solids can easily reach wavelengths towards the
near-IR and the visible where ultra-sensitive spectrometers are widely available for single-shot
measurements. Here, this approach is demonstrated experimentally by measuring the CEP
stability of a source that delivers mid-IR pulses centered at 9.5 um.

2. Experimental results for the HHG in a solid

The experiments were performed at the Advanced Laser Light Source facility located at INRS-
EMT. To generate the mid-IR pulses, we use a chirped pulse amplification (CPA) Ti-Sa laser
system that delivers femtosecond pulses at a repetition rate of 100 Hz with the central wavelength
at 800 nm. The architecture to derive CEP stable mid-IR pulses is based on combining the
strengths of two approaches developed at ALLS. First, using Frequency domain Optical Parametric
Amplification (FOPA) [47], two spectral slices of broadband 1.8 um pulses are amplified in
the Fourier plane. Second, the relative delay and polarization of these two spectral slices are
controlled using a window and a half waveplate installed in the Fourier plane of the FOPA for
shaping the pulses [48]. At the output of the FOPA, intrapulse DFG is performed between two
spectral slices, centered respectively at 1.7 and 1.95 um, in a z-cut gallium selenide (GaSe)
crystal whose thickness is 750 um. Finally, a long pass filter (LP6715, Spectrogon) selects only
the spectral components above 6.7 um. Using this approach, we have recently demonstrated the
generation of high-field CEP stable mid-IR pulses centered at 9.5 ym with a duration of two
cycles and an energy of 25.5 uJ (£3.5% rms, obtained from statistics of single-shot pulse energy
measurements) [28].

In most studies where CEP stable mid-IR pulses are generated, the intrapulse DFG mechanism
is involved [27,30]. It was demonstrated to provide passively stabilized CEP in the near-IR [40].
With this strategy, the absolute CEP depends on the relative delay between the two spectral slices
involved in the DFG process. Here, in the FOPA setup, we control this delay with the rotation of
a compensating window placed in the optical path of one spectral slice of the broadband pulses
(see ref. [28,48]), thus providing a direct control of the waveform of the mid-IR pulses.

In this work, the mid-IR waveform is tuned by varying the delay between the two spectral
slices that drive the DFG process [28]. In the FOPA setup, the polarization of the 1.95 um
spectral slice is rotated by a half wave plate. The relative delay of the 1.7 um spectral slice
is compensated by a fused silica window whose thickness is d, = 2 mm and optical index is
ny = 1.4422 at 1, = 1.7 um. It is placed on an accurate rotation stage (CR1-Z7, Thorlabs) at an
incident angle of 8. The relative phase between the two spectral slices is therefore given by the
following expression:

A¢p = i—: - dy [nz cos (arcsin(sin 6/n,)) — cos 6’] - i_:r -n1d, (1)
with d; and n the thickness and optical index of the half wave plate at 4; = 1.95um. At A¢ =0,
for an incident angle of approximately 6y ~ 12°, the DFG process is optimized and the mid-IR
pulses energy is maximized. A change in the relative delay translates in a phase shift between
the two spectral slices driving the DFG. From the optimized position 6y, the relative CEP of
the mid-IR pulses is tuned by slight rotations and can be directly calculated by the phase shift
A¢(0) — Agp(8p) between the two spectral slices with the expression:

2
relative CEP = nd

. [ [n2 cos (arcsin(sin 6/n,)) —cos 6] —[n; cos (arcsin(sin 6y /n2)) —cos 90]]

2

2
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From this calculation, we deduce that tuning 6 from ~ 9° to ~ 13.5° enables to scan over six
optical cycles the relative CEP of the mid-IR pulses. Note that this result is verified experimentally
(as observed further in Fig. 2).
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Fig. 1. Mid-IR pulse energy, panel a, and spectra, panels b and ¢, for different positions of
the relative CEP (Eq. 2 normalized by 7). — d — Experimental (top panels) and reconstructed
(lower panels) FROSt spectrograms for three different relative CEP positions of -5, 0, and
Sn. — e — Retrieved temporal profiles of the mid-IR pulses in intensity, full thick lines, and
phase, dash lines, and of the optical switch (see [49]) in intensity, full light lines. —f —
Experimental setup for the generation and detection of high harmonics generated in a zinc
selenide window (two oft-axis parabolic mirrors of 50 mm focal length, and a 100 mm lens).

Different properties of the mid-IR laser source are presented in Fig. 1. The energy per pulse in
panel a and spectra in panels b and ¢ are presented as a function of the relative CEP of the mid-IR
pulses normalized by 7. The spectrometer is based on the CM 110 monochromator from Spectral
Products, with the HgCdTe (HCT) bolometric detector from Infrared Associates Inc. cooled
with liquid nitrogen. In addition, as presented in panels d and e, the mid-IR pulses are measured
temporally for three different relative CEP of -5x, 0, and 57 with the frequency-resolved optical
switching (FROSt) technique [49]. To perform this FROSt measurement, a few- uJ of energy of
the mid-IR beam is focused with a Smm off-axis parabola onto a 300 um thick germanium (Ge)
plate. In parallel, the 1.95 um beam reflected by the long pass filter after the DFG is frequency
doubled to ~1 pym by a 2 mm thick type-I BBO crystal. These ~120 uJ pulses are used to pump
the Ge plate to create an optical switch for the FROSt measurements. The transmitted mid-IR
spectra through the Ge plate are measured as a function of the relative delay with the 1 ym pulses.
The experimental and reconstructed (with a phase retrieval algorithm, see ref. [49]) spectrograms
for the three relative CEP are shown in Fig. 1d. Finally, the temporal intensity and phase profiles
are presented in panel e. The full width at half maximum (FWHM) duration in intensity of the



Research Article ‘ 5

mid-IR pulses are respectively measured to 67, 66 and 64 fs for relative CEP of -5x, 0, and 57.

The experimental setup used to characterize the CEP stability is illustrated in Fig. 1b. The
mid-IR pulses are directly focused in a solid for HHG, here a zinc selenide (ZnSe) window of
500 pm thickness. Then, the harmonic beam is collected in a spectrometer. Here, the mid-IR
field strength at the sample is estimated to ~45MV/cm. Figure 2 shows the harmonic spectrogram
measured in the ~1 to 2.5 um spectral range (corresponding to harmonic orders from ~ 4 to
10™) with a near-IR spectrometer (NIR256-2.5, Ocean Optics) as a function of the relative CEP
of the driving pulse. Each spectra results from the average of 200 laser shots (2s). As previously
observed [43—45], the harmonic spectra significantly vary with the CEP with a drift in wavelength
of the harmonic peaks. Similarly to the half-cycle cut-off from gas phase HHG [50], we observe
that the extension of the HHG spectra from ZnSe depends on the CEP.
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Fig. 2. Harmonic spectra measured in intensity as a function of the relative CEP of the
mid-IR pulses (Eq. 2 normalized by 7). Oblique lines highlight the drift in wavelength of the
harmonic peaks. The positions of the following three measurements of the CEP fluctuations
at a fixed CEP of —4.34x, —2.647 and 3.567 are respectively represented with the vertical
lines (a), (b), and (¢). The harmonic profile at these three positions is shown on the right
panel.

Changing the relative phase (and delay) between the two spectral slices (see Eq. 1) not only
tune the CEP of the mid-IR pulses but also slightly changes the energy of the mid-IR pulses.
For instance, for a relative CEP position of -6, the energy decreases to ~22 uJ, see Fig. la.
This explains also why the harmonic signal is lower at this relative CEP. Moreover, as can be
observed in the panels b, ¢, and e of Fig. 1, the pulse spectra and duration are very similar when
varying the relative CEP from -6r to +67r. We can conclude from all these measurements that
the periodic variation of the harmonic spectra observed in Fig. 2 mainly results from the change
of the CEP of the mid-IR pulses and not from variations of their energy, spectra, or duration.
Note that these slight changes in the generation of the mid-IR pulses (energy, spectra, duration)
do not affect the CEP stability of the source that is determined by the stability of the FOPA setup
(e.g. mechanical vibrations, turbulences, etc).

In our experiment, we observe two different HHG regimes. As shown in the right panel of
Fig. 2 (compare for instance the harmonic profiles (b) and (c)), for CEP > 2x there are twice
as many harmonic peaks as for CEP < —2x. The oblique dash lines in orange in the left panel
highlight that in these two regimes, the harmonic peaks drift approximately linearly with the CEP
variation as previously observed in different publications [43—45]. The slopes of these drifts with
the relative CEP are different because the HHG spectrum shape changes, with twice as many
harmonic peaks above a relative CEP of 27 compared to below -27. Note that even with this
change in the slopes, the period at which the HHG varies with the relative CEP remains . The
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two oblique lines are copied at a CEP = 0 as a thin dash line in black to highlight the transition
between the two regimes. To date, we do not understand this change in the HHG spectra, however
explaining this observation is related to the nature the HHG process itself and its explanation is
out of the scope of this study that focuses on the measurement of the relative CEP of the mid-IR
source and its fluctuations.

3. Experimental measurement of the CEP stability

While the measurement presented in Fig. 2 demonstrates the CEP stability of the source, it
does not characterize its shot-to-shot fluctuations. For this evaluation, we perform single-shot
measurements of the harmonic spectrum for a fixed angle 6 of the compensating window in
the 4f-setup and we compare the single-shot spectrum with the reference spectrogram. To
demonstrate the validity of this evaluation, this measurement is performed at three different fixed
relative CEP positions over the two regimes where the harmonic peaks drift linearly with the
CEP. These positions are identified in Fig. 2 by the vertical dashed lines in black (a), (b), and
(c) (respective CEP positions of —4.347, —2.647 and 3.567). These single-shot measurements
of the harmonic spectrum over more than 8000 shots (80s at 100Hz) at these three different
positions are respectively shown in the top panels of Fig. 3a, b and c.
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Fig. 3. Single-shot measurements over more than 8000 shots for a fixed relative CEP
position (the compensating window angle is fixed in the source architecture) of —4.34x for
panels a, —2.64r for panels b, and 3.56x for panels ¢, respectively corresponding to vertical
line (a), (b), and (c) in Fig. 2. — Intensity spectra are presented in the top panels. — In the
lower panels is presented the relative CEP of each shot extracted from the comparison of
each single-shot spectrum to the reference spectrogram by the procedure illustrated in Fig. 4.
The histogram of the relative CEP distribution are shown at the right of each panel.

The harmonic drift with the CEP variation is only approximately linear in the two regimes
due to the wide transition between both. For instance in Fig. 2, at a relative CEP position of
—2m, close to the measurement (b), the drift of the most intense HHG peak is not exactly linear
as already located in the transition. This complexity in the HHG process does not allow to
directly deduce the relative CEP of one shot from the position of the harmonic peaks. Therefore,
the Fourier analysis procedures used to extract the relative CEP from the interference pattern
obtained by f-2f measurements, where the fringes directly map the relative CEP with a linear
drift, cannot be used here.

To extract the relative CEP in single-shot, we compare its harmonic spectrum to each spectra of
the reference spectrogram (see Fig. 2). This comparison is illustrated in Fig. 4, for the first shots
of each three measurements presented in Fig. 3. For a CEP window around the expected relative
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CEP position, here +0.4x, the single-shot harmonic profile ingle—shot (@), top right panels in
Fig. 4, is compared to each profile of the spectrogram ayerage (w, CEP), top left panels in Fig.4.
The difference of the single-shot profile to the spectrogram ones is evaluated by the following
expression:

|_/ ]single—shot(w) : Iaverage(ws CEP) dw|2
f |Isingle—shot(w)|2dw : / [ average (@, CEP)|2dw

&(CEP) = J 1 3)

The difference £(CEP) is plotted as a function of the relative CEP in the lowest panels on Fig.
4. The relative CEP of the considered single shot is determined by the minimum of (CEP).
Note that instead of considering which profile in the spectrogram /yyerage (w, CEP) is the closest
to the single-shot one, the accuracy of the measurement is improved by a parabolic fitting of
&(CEP) around its minimum value (see sub-panels on Fig. 4). This parabolic fitting is only an
analysis tool to evaluate the relative CEP with a higher accuracy than the measurement CEP step.

b

94.8 -4.7 -4 -3 -2;6 -2.2 3.2 36 4
relative CEP (1t) relative CEP (1t) relative CEP (1)

Fig. 4. Example of the extraction of the relative CEP position of a single-shot for the first
3 shots of each measurement presented in the top panels of Fig. 3a, b, and ¢. — Top left
panel: zoom in (+0.4x) around the average position of —4.34x, —2.64x, and 3.567 in panels
a, b, and c, of the harmonic spectrogram Iayerage (w, CEP) illustrated in Fig. 2. — Top right
panel: harmonic profile in intensity of the first single-shot measurement, Isingle—shot (@)
presented in the top panels of Fig. 3 in solid red line, and the profile of the spectrogram
corresponding to the relative CEP positions of —4.34x, —2.647r and 3.567 in dashed black
line (relative CEP position illustrated by the vertical dash line in the left panel). — Bottom
panel: difference £(CEP) in percentage between the single-shot harmonic profile and the
spectrogram profiles as a function of the CEP calculated by Eq. 3. The sub-panel shows how
the accurate single-shot relative CEP position is determined by the position of a parabolic
fitting around the minimum of &(CEP).

This procedure to evaluate the relative CEP is performed for each single-shot spectrum, and
the deduced relative CEP as a function of the shot number is illustrated in the lower panels of Fig.
3. Finally, the CEP fluctuation is evaluated by the full width at half maximum of the Gaussian
fit of the histogram of the relative CEP distribution for all shots (see Fig. 3). At the relative
CEP positions —4.34x (a), —2.64x (b), and 3.567 (¢) (see Fig. 2) the CEP stability is measured
respectively to 374, 372, and 366 mrad, thus the CEP fluctuations of the source are evaluated
to 371 + 4 mrad. While these three measurements are independent, performed over more than
24000 shots, and located in two different regimes of the harmonic drift with the CEP, they provide
results that are very similar. These results demonstrate the reliability of this procedure.

Note that this evaluation represents only an estimation of the upper limit of the CEP fluctuations.
On top of the CEP fluctuations of the source due to the stability of the whole setup, there are
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also energy fluctuations from shot-to-shot (evaluated to +3.5%) that can slightly affect the HHG
process on which the proposed measurement is based. The addition of these two effects result in
an artificial increase of the measured CEP fluctuations compared to the effective CEP fluctuations.
This effect is also observed for f-2f (or £-3f) measurements [51,52].

4. Conclusion

In this paper, we introduce a novel technique to demonstrate and measure the CEP stability of a
laser source delivering few-cycle pulses. By using the dependency of HHG in solids with the CEP
of the driving pulse, and comparing a single-shot harmonic spectrum to the HHG spectrogram
(HHG spectra vs CEP), we have shown that the relative CEP can be measured in single shot, thus
our method is sensitive to shot-to-shot fluctuations. To the best of our knowledge, this is the first
time HHG in solids is used to measure the CEP fluctuations of a laser source.

This technique is particularly useful to characterize the CEP stability of pulses centered at
long wavelengths towards the mid-IR, as to date no simple tool enables such measurement in this
spectral range. The method presented here is very easy to implement and can be easily transferred
to other laser wavelength as pulses with sufficient field strengths to generate harmonics in solids
are available from the NIR to the THz spectral range [36].

This tool can be used for active correction of the CEP drift of a laser source. However, the
accurate CEP characterization presented in Fig. 4 may be slow due to the time required to
compare a single-shot spectrum with multiple spectra contained in the reference spectrogram.
This data treatment can be made faster by only considering the position of the maximum of one
harmonic peak. While less accurate, this strategy provides an upper limit of the CEP fluctuations
thus enabling rapid feedback for the purpose of active correction.
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