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Abstract: We demonstrate compression and shaping of few cycle pulses from a high average
power Ytterbium laser system. The pulses from a commercial 20 W, 100 kHz Yb laser system are
spectrally broadened in two-stages using cascaded, gas-filled, stretched hollow-core fibers and
then compressed and shaped in an acousto-optic modulator-based pulse-shaper. The pulse-shaper
allows for compression, characterization, and shaping all in one system, producing ∼10 fs pulses
with 30 𝜇J of energy.

© 2024 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High average-power, ultrafast laser systems are increasingly in demand for many experiments
which benefit from high repetition rates that enable highly differential measurements, or ones
that require a very low yield per laser shot (e.g. coincidence measurements) [1–3]. While there
are commercial Ytterbium laser systems available which can provide high average power with
repetition rates of 100 kHz and greater, they typically produce pulses with durations greater than
100 fs. These long pulses are not suitable for many time-resolved spectroscopy or strong-field
light—matter experiments, which require few-cycle pulses to resolve the fastest molecular
dynamics [4–6]. Here we report on the spectral broadening and subsequent compression of 250 fs
laser pulses from a 100 kHz, 20 W commercial Ytterbium laser system (Light Conversion Pharos)
using a two-stage, stretched hollow-core fiber apparatus in conjunction with an acousto-optic
modulator (AOM) based ultrafast optical pulse-shaper [7]. Our system is capable of producing
arbitrarily shaped pulses as short as 10 fs with energies up to 30 𝜇J at repetition rates up to 50 kHz.
Shortening the duration of an ultrafast laser pulse can be broken into two stages: (1) broadening
the pulse in the frequency domain, and (2) compression of the pulse in the time domain. There
are many techniques to accomplish spectral broadening, including stretched hollow core fibers,
Herriott cells, thin plates, and filamentation [8–13]. While there are various advantages and
disadvantages associated with each approach [14,15], they all make use of self phase modulation
to produce the new spectral bandwidth. Pulse compression is then usually achieved by applying
negative group-delay dispersion (GDD) to the pulses with chirped mirrors [16]. Few cycle
pulses (∼10 fs) have been generated at high average power by means of HCF-based spectral
broadening and chirped mirror-based pulse compression [17–19]. However, using chirped mirrors
and third-order dispersion-compensating material [20] does not allow for programmable pulse
shaping or direct compensation of higher order dispersion, which can be accomplished with
an AOM-based, ultrafast pulse-shaper [21, 22]. A further advantage of the direct dispersion
control using an AOM-based pulse-shaper is that it can be used for pulse characterization through
dispersion scans (D-scan) [23] and collinear frequency resolved optical gating (CFROG) [24].
Other pulse characterization techniques are possible with pulse shapers [25], but the advantage of

https://doi.org/10.1364/OA_License_v1


this approach is its intuitive simplicity; one can directly scan the dispersion and adjust for higher
orders effects (D-scan) and then analyze the pulse in the time domain with a CFROG.

Here, we demonstrate the production of an ultrabroadband spectrum with cascaded fibers and
the ability to compress, control, and measure the pulses using an AOM-based 4f pulse-shaper.
The pulse-shaper enables more control over the pulse dispersion than traditional compression
techniques. It also offers arbitrary amplitude and phase shaping of the pulses including the ability
to scan the relative phase between a pump-probe pulse pair. The pulse-shaper thus allows for
pulse-shaper assisted versions of D-scan and FROG measurements, which can be conducted
without changing the experimental setup to view features in the time and spectral domains. This
work builds on our previous work of pulse compression techniques with a Ti:sapphire laser
system [22], but now uses a commercial Yb laser system. This enables us to perform pulse
shaping at high repetition rates (50 kHz) and high pulse energies (∼100 𝜇J). We are able to
compress 250 fs pulses from the output of the laser to ones that are ∼10 fs, a compression factor
of about 25. The combination of high average power and fine control of a broadened spectrum
allows for highly-differential, time-resolved spectroscopy measurements.

2. Apparatus

Fig. 1. Experimental Apparatus. The pulses from the Yb laser are centered at about
1025 nm, with a 250 fs duration. They are focused into a 3 m long HCF filled with
3 bar of Ar and compressed with chirped mirrors. They are then focused into a 2 m
long HCF filled with 0.5 bar of Ar and sent into the AOM-based pulse-shaper (the
inset shows the mode of the beam exiting the pulse-shaper). The compressed output
of the pulse-shaper is sent through a Beta Barium Borate (BBO) crystal and into the
spectrometer for characterization.

The schematic in Figure 1 shows the two-stage pulse-compression system and the subsequent
measurement apparatus. In brief, each stage consists of a spectral broadening component and a
pulse compression component. Spectral broadening is achieved with Kerr-induced self-phase
modulation by filling stretched, hollow-core fibers (S-HCF) with argon [8,26]. Pulse-compression
is done in two ways: after the first fiber, there are chirped mirrors, and after the second fiber,
there is an AOM-based pulse-shaper.

Pulses from the Yb laser (50 kHz repetition rate, 400 𝜇J pulse energy, 20 W average power,
250 fs pulse duration, 1025 nm central wavelength) are focused to a beam waist of 144 𝜇m and



coupled into a 3 m S-HCF. For a fiber with a 450 𝜇m inner diameter, a beam waist of 144 𝜇m
satisfies the mode matching condition [27]. We achieve the mode-matched beam waist with a
telescope in which the lens separation can be fine-tuned to adjust the size of the mode at the
focusing lens. The first fiber is glued onto mounts and stretched within a vacuum-sealable tube.
The tube and enclosed fiber are filled with 3 bar of Ar. The transmission efficiency of the first fiber
is 79%. The output of the fiber is collimated, and the spectrally broadened pulses are compressed
in duration with four bounces off -500 fs2 chirped mirrors (Ultrafast Innovations HD59). We
estimate the pulse duration to be approximately 35 fs after the first pulse-compression system
based on calculations of the light—matter interaction in the fiber, and the Fourier transform limit
of the spectrum (Figure 2). The output of the first fiber is imaged and coupled into the entrance
of a second 2 m long S-HCF with the same mode matching condition as the first. In contrast to
the first fiber, the ends of the second are directly coupled to vacuum and movable to the beam
path [22]; it is filled with 0.75 bar of Ar. The Fourier transform limit of the spectrum exiting
the second fiber is 6 fs (Figure 2), and the efficiency is 80%. The output of the second fiber is
collimated and the pulse is compressed using an AOM-based pulse-shaper, as opposed to chirped
mirrors.

Fig. 2. Initial spectrum out of the laser centered about 1025 nm (gray), spectrum
out of the first fiber with a bandwidth of 80 nm tail-to-tail (light blue), spectrum out
of the second fiber with a bandwidth of 400 nm (medium blue), and spectrum after
the pulse-shaper with a bandwidth of 350 nm (dark blue). An inset of the transform
limit after the second fiber (6.6 fs) and after the pulse-shaper (9.9 fs) are included.
The manufacture’s intensity calibration of the spectrometer was checked against a
black-body source.

The pulse-shaper is set up in a 4f configuration as discussed in earlier work [21, 22], but
optimized for a near-IR, high average power laser. Pulses with a bandwidth of 400 nm tail-to-tail
are sent into the pulse-shaper and diffracted from a gold-coated ruled diffraction grating. The first
order diffracted beam is propagated to a 𝑓 = 0.5 m, gold-coated curved mirror, which collimates
the dispersed frequency components and focuses them into a TeO2 AOM, which is placed in
the Fourier plane of the zero dispersion stretcher geometry. The combination of the grating and
focusing mirror map the optical frequencies of the laser pulse to position in the AOM. Given the
relatively slow velocity of the acoustic wave in the crystal compared to the speed of light, the
acoustic wave is seen as fixed with respect to the orthogonally propagating laser beam. Thus,
the optical frequencies can be mapped to time in the acoustic wave. The maximum repetition



rate of the laser is limited by the transit time of the acoustic wave through the active portion
of the crystal. We use the entire 40 mm optical aperture to shape the optical bandwidth; this
corresponds to 10 𝜇s, or a maximum repetition rate of 100 kHz. However, the maximum laser
output pulse energy at 100 kHz is half that at 50 kHz. In order to work with the maximum
pulse energy from the laser, and avoid a 100% duty cycle on the AOM, we work at 50 kHz. The
shaped pulses exit the pulse-shaper in a symmetrically equivalent way to the input pulses. The
transmission efficiency of the 4f AOM-based pulse-shaper is about 25%.

In order to shape the pulse, we apply a mask with the acoustic wave onto the electric field
of the pulse 𝐸 ′ (𝜔) = 𝑀 (𝜔)𝐸 (𝜔), where 𝐸 (𝜔) is the input pulse, 𝐸 ′ (𝜔) is the output shaped
pulse, and 𝑀 (𝜔) is the pulse-shaper applied mask function. The mask is applied to the pulse
by controlling the amplitude and phase of the acoustic wave with the radio frequency voltage
driving the modulator. While the mapping of acoustic time to optical wavelength is roughly linear
with optical wavelength for small diffraction angles (sin(𝜃) ∼ 𝜃), the mapping of acoustic time
to optical frequency is highly nonlinear, given the inverse relationship between frequency and
wavelength. This nonlinear mapping leads to a nonlinear optical phase as a function of frequency
(higher order dispersion) [21] when programming a constant acoustic wave that diffracts the
laser. However, depending on the orientation of the AOM and the acoustic diffraction order that
one chooses, the sign of this dispersion can be chosen and utilized to compensate for normal
dispersion from optics in the beam path [22]. Here, the transducer of the AOM is on the red side
of the optical spectrum and the +1 diffraction order is used, which corresponds to a nonlinear
mapping that introduces a negative group delay dispersion.

The mapping of optical frequency to position, as mentioned above, is important for applying
the correct amount of dispersion to the pulse and for accurately decoupling the higher orders of
dispersion. Dispersion is often described in terms of a Taylor series expansion. Thus, we use the
same formulation for dispersion control of the pulse shaper and write the mask:

𝑀phase (𝜔) = exp
(
𝑖
GDD

2
(𝜔 − 𝜔0)2 + 𝑖

TOD
6

(𝜔 − 𝜔0)3 + 𝑖
FOD
24

(𝜔 − 𝜔0)4
)

(1)

where 𝜔0 is the central frequency of the expansion, GDD is the group-delay dispersion, TOD is
the third-order dispersion, and FOD is the fourth-order dispersion. Two techniques were used
to measure the pulse duration: D-scans and CFROGs. The pulses were sent through a 10 𝜇m
thick BBO crystal and the resulting second harmonic generated (SHG) spectrum was recorded.
For D-scans, GDD was scanned for fixed TOD and FOD by programming these values onto the
pulse-shaper.

Similarly, for CFROGs, the dispersion (GDD, TOD, and FOD) is fixed, and the delay between
pulses is programmed and scanned by the pulse-shaper utilizing the mask:

𝑀CFROG (𝜔) = 1 + 𝑅 exp
(
𝑖(𝜔 − 𝜔𝐿)𝜏 + 𝑖𝜙𝐿

)
(2)

where 𝑅 is the relative pulse amplitude, 𝜔𝐿 is the locking frequency (frequency at which
constructive interference occurs independent of delay), 𝜏 is the pulse delay, and 𝜙𝐿 is the
relative pulse phase. Since CFROGs use a collinear geometry, they are easier to set-up and
remove the potential for temporal smearing associated with non-collinear FROG measurements.
Moreover, normally the scan step would require greater than Nyquist sampling of the carrier, but
an appropriate choice of 𝜔𝐿 softens this requirement such that one only needs a step size small
enough to sample the envelope.

3. Apparatus Discussion

Multiple avenues of pulse compression were attempted to achieve sub-10 fs pulses. We originally
tried to compress the 250 fs pulses out of the laser with a single S-HCF, filled with molecular



gas, and the AOM-based pulse-shaper. We filled the fiber with molecular gas because spectral
broadening can be enhanced by the rotational Raman process [28]. The most promising gas
seemed to be N2O based on the Fourier transform limit of the spectrum out of the fiber. However,
at average powers of 10 W or greater, the molecular gas absorbed too much energy from the laser
as a result of rotational heating, dramatically decreasing the throughput efficiency and damaging
the entrance to the optical fiber. Thus, we made use of atomic gases, for which the nonlinear
process is strictly parametric, with no heating of the gas. This, however, required two fibers in
order to produce the desired bandwidth and final pulse duration.

High average power through the pulse-shaper also needed to be considered. Too high a peak
intensity in the TeO2 AOM can lead to self-focusing and self-phase modulation, and too high
an average power on the diffraction gratings can lead to mode distortions. While increasing
the mode size into the pulse-shaper mitigates the mode distortions due to nonuniform thermal
expansion of the gratings, it leads to a tighter focus in the AOM, which can lead to both self
focusing and damage. Therefore, we had to strike a balance between these two requirements,
and used a mode size of 2.5 mm FWHM going into the pulse-shaper. We explored two different
pairs of gratings - one with 300 lines/mm, and another with 200 lines/mm. Both are epoxy
replica gratings produced from a ruled master on a glass substrate, blazed for operation at about
1000 nm. The epoxy is coated with a thin layer of chromium and then gold. Combined with
the 0.5 m focal length mirrors, the dispersed spectrum with the 300 lines/mm grating was too
large for the aperture of the AOM, clipping the spectrum and resulting in a transform limited
pulse of only 20 fs. At average laser output powers over 10 W, the gratings in the pulse-shaper
became deformed by the thermal load from the laser which decreased the efficiency of the
pulse-shaper to 20%, but the mode and power were stable. For the gratings with a groove density
of 200 lines/mm, we were able to compress the pulses to ∼10 fs, but these gratings have a lower
efficiency than the 300 lines/mm, which caused the overall pulse energy out of the pulse-shaper
to decrease from 50 𝜇J to 30 𝜇J. The 200 lines/mm are also 0.5 in. x 0.5 in., compared to the 1 in.
x 1 in. of the others, and at average laser output powers greater than 10 W, the output efficiency
dropped rapidly over time from ∼16% to 13% over 30 seconds. However, any damage from the
thermal load did not affect the mode or efficiency at lower powers during later use (Figure 3).
We considered changing the curved mirrors to ones with a shorter focal length to fit more of
the bandwidth on the AOM, but this would also produce a tighter focus in the AOM, leading
to nonlinear phase accumulation in the TeO2. In the future, we plan on improving the grating
performance with a more appropriate substrate (copper, to avoid nonuniform thermal expansion)
and a lower groove density (in order to fit the entire optical spectrum through the AOM).



Fig. 3. Overall pulse energy out of the system after the pulse-shaper as a function
of average laser output power with two different gratings: 300 lines/mm (blue) and
200 lines/mm (red). The empty red circle references the drop in energy after 30 seconds
due to thermal effects on the gratings at 20 W average laser power into the system.

4. Results

With this system (using the 200lines/mm gratings), we are able to compress the 250 fs pulses out
of the laser down to 11 fs. One of the strengths of the AOM-based pulse-shaper is that it allows
for different types of pulse characterization. By writing a mask on the phase of the acoustic
wave, we can scan through the GDD and adjust the TOD and FOD accordingly, i.e. Eq. 1. For
CFROGs, we can utilize the same phase mask and scan the delay between two pulses (product
of Eqs. 1 and 2). Figure 4 shows a D-scan and CFROG that reconstruct to 11.0 fs and 11.5 fs,
respectively. We obtained shorter pulses in some cases (< 10 fs), but with more structure in time.
In order to obtain the D-scan, the GDD was scanned from 6200 to 8000 fs2, and the applied TOD
and FOD were -23700 fs3 and 55000 fs4. With the acquired GDD, TOD, and FOD, we then
scanned the delay between a pair of pulses with 𝜔𝐿 = 1.86 rad/fs and 𝜙𝐿 = 0. The reconstructed
duration for both types of pulse characterization agree within 0.5 fs. The Fourier transform
limited duration calculated with the bandwidth measured after the pulse-shaper was about 9 fs
(Figure 2), a longer duration than the spectra out of the fibers provide for due to optical clipping
on the AOM crystal. We have included a table that compares our experimentally applied values
of dispersion to the expected values we calculated. While we expected to achieve the shortest
compressed pulse with an applied phase mask that cancels the sum of the elements (dispersive
elements plus the phase associated with the nonlinear mapping of optical frequency to acoustic
time), this was not exactly the case. The differences in the last row of the table are small but
not insignificant. (If uncorrected, the residual GDD, TOD, and FOD would individually lead to
pulse durations of 120 fs, 23 fs and 21 fs respectively). We attribute these differences mostly to
small errors in the calibration of the optical frequency to acoustic time, with small contributions
from our imperfect characterization of the phase accumulated in the spectral broadening and
subsequent optical elements.

We note that the compressed second harmonic spectra are not centered at 513 nm, which one
might expect given the 1025 nm fundamental. The loss of the lower frequency components in the
second harmonic spectra could be due to a number of reasons, including limited phase matching
in the BBO crystal, frequency dependent losses in the pulse shaper, spatial chirp, etc. We have
ruled out most of these reasons and suspect that some spatial chirp combined with imperfect



coupling into the spectrometer is the main contribution. Further measurements that we have
carried out optimizing the imaging of the BBO crystal to the spectrometer yield broader second
harmonic spectra, although the reconstructed pulse durations are similar.

Fig. 4. Top panel: An AOM-based pulse-shaper D-scan and its corresponding,
reconstructed pulse duration (11.0 fs) and phase. Bottom panel: An AOM-based
pulse-shaper CFROG and its corresponding, reconstructed pulse duration (11.5 fs) and
phase.

Dispersive Elements GDD (fs2) TOD (fs3) FOD (fs4)

Air 65 9 -

AOM TeO2 3618 2583 1172

Ar Broadening 250 - -

Nonlinear Mapping -10624 16350 -24201

Sum of Elements -6691 18942 -23029

Applied Phase Mask 7166 -23700 55000

Sum + Mask 475 -4758 31971

Table 1. Table comparing the sum of the applied dispersion and dispersion accumulated
along the table. To have the shortest compressed pulse, we expect the sum of the
elements and the applied mask to cancel each other out.

Figure 5 is a testament to the ability of the pulse-shaper. It shows a CFROG characterization
of two pulses that were delayed by 𝑡 = 50 fs, but the two pulses were 𝜋 out-of-phase with each
other on the top panel and in-phase on the bottom panel. The effect of the different phases can be
seen in the intensity plots to the right of the CFROGs. At 50 fs in the CFROG delay, the pulses
destructively interfere when they are out-of-phase and constructively interfere when they are
in-phase. For the double pulse, the mask is slightly different than the CFROG mask from above



(Eq. 2). The CFROG mask is multiplied by a double pulse mask:

𝑀Double Pulse (𝜔) =
[
1 + 𝑅 exp

(
𝑖(𝜔 − 𝜔𝐿)𝜏 + 𝑖𝜙𝐿

) ]︸                                    ︷︷                                    ︸
CFROG Delay

×
[
1 + exp

(
𝑖(𝜔 − 𝜔𝐿)𝑡 + 𝑖𝜙

) ]︸                              ︷︷                              ︸
Double Pulse Delay

(3)

where 𝑡 is the delay between the double pulses and 𝜙 is the relative pulse phase between the
double pulses. This mask (Eq. 3) is also multiplied by the phase mask (Eq. 1) to compress
the pulses. Independent control over the delay and phase can be very important for nonlinear
spectroscopies, such as 2D electronic spectroscopy [29, 30]. In order to demonstrate the stability
of the timing between the two pulses, we performed a series of measurements of the spectrum for
the double pulse. We analyzed each spectrum by Fourier transforming it to determine the precise
timing between the pulses. Figure 6 shows the delay as a function of measurement number and
shows a measurement stability of ∼30 as.

Fig. 5. CFROG characterizations of double pulses where the pulses in the top panel
were 𝜋 out-of-phase and the pulses in the bottom panel were in-phase. The plots to the
right show the CFROG measurements integrated over wavelength (i.e. autocorrelation
of temporal intensity profile).



Fig. 6. Illustration of timing stability between pulse pairs generated by the pulse shaper.
The main panel shows the time difference between double pulses that were programmed
with a 100 fs delay for 100 repeated measurements. A zoomed-in portion of this data
is shown in the inset so that the standard deviation about the mean may be seen. A
histogram of the entire dataset is included in the inset.

5. Conclusion

We have demonstrated the ability to achieve a high compression ratio of pulses with high pulse
energy and repetition rate. The pulses can be shaped in phase and amplitude with the AOM-based
pulse-shaper, which allows for attosecond timing stability, and pulse pairs can be created with
independent control over delay and phase. This allows us to both create ultrafast pulses, on the
order of 10 fs, and characterize them with the same device. Currently, we are limited by the
efficiency and groove density of our diffraction gratings (either achieving 30 𝜇J at 10 fs or 50 𝜇J
at 30 fs), but have shown the capability of ruled diffraction gratings to handle the high average
power and large bandwidths. The generation of intense, ultrafast pulses with arbitrary delays
between pulse pairs has allowed for pump-probe measurements of molecular dynamics [31].
Here we have presented those same powerful capabilities at 50x the repetition rate allowing for
the possibility of probing molecular dynamics with multi-parameter measurements facilitated by
the pulse-shaper beyond pump-probe.
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