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Abstract: Large-scale transmission gratings were produced for a stretcher
and a compressor in the Yb-fiber chirped-pulse amplification system. A 23-
W, 200-fs laser system with a 10-MHz repetition rate was demonstrated.
Focused intensity as high as 10'* W/ecm® was achieved, which is high
enough for multi-photon processes such as high-order harmonics generation
and multi-photon ionization of neutral atoms. High-order harmonics up to
7th order were observed using Xe gas as a nonlinear medium.
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1. Introduction

Highly nonlinear processes such as multi-photon absorption, field ionization, and high-
harmonics generation (HHG) are usually investigated using a relatively low repetition-rate
solid-state laser such as a 1-kHz Ti: sapphire laser or an optical parametric amplifier system.
In some applications, higher signal-to-noise-ratios can be obtained with a higher-repetition-
rate, high-peak-power femtosecond laser system. For HHG-pumped photo-electron
spectroscopy, high repetition-rate pumping is crucial to avoid the space-charge effect of
photoelectrons in order to achieve high energy resolution [1, 2]. High-repetition-rate HHG is
also applied for vacuum ultraviolet (VUV) optical frequency comb generation. A comb-mode
space larger than tens of megahertz is desired for precision measurements [3, 4].
Enhancement cavity technology is utilized for high-repetition-rate HHG to increase the peak
intensity [5—8]. However, single-pass HHG is more robust and has some advantages. One can
use well-designed and established optics for single-pass HHG such as high-efficiency gas
cells, beam guides for phase matching, and optics such as harmonic separators or filters that
cannot be used inside an external resonator. HHG can be directly driven with single pass
configuration at 100 kHz by a Ti: sapphire laser [9,10] or sub-megahertz repetition rate using
an Yb-doped fiber laser system [11-13]. A higher repetition-rate with a larger comb spacing
is desired in many applications, such as comb-resolved XUV spectroscopy for investigations
of atomic transitions with broader natural line-widths than 1 MHz. Since a focused intensity
of more than 10"* W/cm? is required for the HHG, 1 uJ pulse energy is necessary assuming a
pulse duration of 100 fs and a focused area of 100 um®. According to the available average
power from a femtosecond laser amplifier, a 10-MHz repetition-rate system would be one of
the solutions for both high-intensity physics and comb applications. When the system is
combined with an enhancement cavity, mJ-level pulse energies can be expected at a 10-MHz
repetition rate. Yb-doped lasers are suitable for high repetition-rate and high average power
laser systems with short pulse durations because they have large gain bandwidth and high-
power laser diodes can be used for the pumping source. Vernaleken et al. demonstrated direct
HHG generation driven by a Yb: YAG slab laser system [14]. An Yb-fiber laser system is
advantageous in obtaining short pulse durations compared with other Yb-doped material, but
has the disadvantage of high peak power inside the fiber. In a fiber amplifier, the beam
propagates in a small core so that nonlinear effects such as self-phase modulation tend to
occur. Since the available core size with single-transverse-mode operation is limited, the
pulse duration in an amplifier has to be stretched enough to avoid possible nonlinearities. The
usual reflection-type grating with a metal coating is not suitable because the thermal
expansion effect degrades the beam quality with high average power. In addition, the
diffraction efficiency of a metal-coated grating gradually decreases in long-term operation.
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The dielectric-coated grating is often used for the high-power system in Nd: glass lasers or
Yb-fiber lasers [15], but has a small diffractive bandwidth for the ultra-short pulse generation.
A transmission grating has a high damage threshold and wide bandwidth with high diffraction
efficiency. It can be used at an exact Littrow angle for the maximum efficiency, and is thus
widely used for Yb-fiber laser systems [12, 16—18]. There are 100 W, femtosecond fiber laser
systems that have been realized with high repetition rates approximately 100 MHz. The large
transmission gratings for these setups are sometimes made using soft materials such as
polymers, and therefore the beam size has to be large enough on the grating to avoid
overheating or damage. The typical compressor efficiencies with transmission gratings in
previous experiments were limited to the range of ~50% to ~80%. A large-scale, high-
efficiency, and high-damage-threshold grating was developed and recently applied for a Ti:
sapphire chirped-pulse amplifier (CPA) system [19]. The development of a larger-scale
transmission grating for a femtosecond Yb-fiber laser system at the 1 um wavelength region
has been desired for a high-intensity laser system with a high repetition-rate which produces
very high-average power. Then the heat-resistance property of the transmission grating made
of fused silica is crucial. The target stretched pulse duration is 500 ps to avoid the nonlinear
phase shift considering the B-integral value in a fiber. Therefore a sufficiently large grating to
handle 500 ps pulses (full-width half- maximum) should be developed.

In this paper, we have designed and developed 180 mm-wide fused-silica transmission
gratings for a Yb-doped fiber laser CPA system. A diffraction efficiency of 96% was
achieved, leading to a 85% throughput of the compressor, which is the highest efficiency in a
high-power Yb-fiber system with a transmission grating compressor to the best of our
knowledge. The Yb-fiber CPA system with these gratings both in a stretcher and a
compressor produced an average of 23 W of power with a pulse duration of 200 fs at a 10-
MHz repetition-rate with negligible nonlinear phase shift because of the long stretched pulse
duration. The peak power was 10 MW, and the laser was focused into an almost diffraction-
limited spot. A focused intensity of 10'* W/cm” was realized which was high enough for the
HHG. A single-pass HHG up to the 7th harmonic was observed using Xe gas as the nonlinear
medium. The multi-photon ionization of neutral atoms was also investigated. lon currents of
Xe and Kr were observed with high signal-to-noise ratio thanks to the high repetition-rate
measurement. The obtained ionization probabilities were in good agreement with the
theoretical curves of the field ionization.

2. Laser system

The schematic of the laser system is shown in Fig. 1. The oscillator is a Yb-fiber mode-locked
laser using a typical configuration of the nonlinear polarization rotation method [20]. The
main difference between this system and a conventional oscillator is the low repetition rate. A
20-m single-mode fiber (SMF) is connected to a gain fiber with a 1200 dB/m pump
absorption for operation at 10 MHz. The large amount of dispersion due to long fiber is
compensated by a grating pair with 1200 lines/mm. The residual higher-order dispersion
could be a possible issue of this low repetition-rate oscillator. The grating pair in the oscillator
compensates the group-delay dispersion (GDD), while introducing huge third-order
dispersion (TOD) in addition to the TOD caused by a long SMF. Therefore, the residual chirp
in one round trip is larger compared to a conventional higher repetition-rate oscillator. This
issue simply makes the output spectrum narrower compared to the conventional high-rep
laser. As a result, the stable mode-locked operation was realized despite the above issues. The
output power is approximately 3 mW with the transform-limited pulse duration of 150 fs. The
mode-locking could be maintained for months.
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Fig. 1. Schematic of the experimental setup. WDM, wavelength division multiplexer; PBS,
polarized beam splitter; SMF, single-mode fiber; LD, laser diode; A/2, half waveplate; A/4,
quarter waveplate; YDF, Yb-doped fiber. Blue boxes with arrows are isolators.

As described in the previous section, a sub-nanosecond pulse stretch is necessary for multi
micro-joule pulse generation in a single-mode fiber amplifier. A 180-mm wide and 40-mm
high transmission grating with a groove density of 1250 lines/mm was developed (CANON).
The grating was fabricated by an etching process on a 1-mm thick fused-silica substrate, and
the back surface had an anti-reflection coating. A micrograph of the fabricated grating surface
is shown in Fig. 2(a). The grating is a laminar type, and the line depth and the duty cycle are
1.45 um and 45%, respectively. Figure 2(b) shows the calculated diffraction efficiency of the
line depth and the duty cycle assuming a single optical frequency of 1030 nm. The expected
maximum efficiency is 97.2% with this groove density. Figure 2(c) shows the measured
diffraction efficiency at various incident angles using a broad-band mode-locked oscillator as
a test light. The spectrum of this test beam covers from 1020 to 1090 nm, which is shown
inset of Fig. 2(c). The diffraction efficiency was measured with a grating-compressor
configuration. The total throughput was measured while changing the incident angle and the
diffraction efficiency was calculated. The obtained diffraction efficiency was 95.3% at an
incident angle of 40 degrees, which corresponds to the Littrow angle. The maximum
diffraction efficiency was obtained when the polarization of the incident light is parallel to the
lines in the grating (TE), while it decreases to 40% when the polarization is rotated 90
degrees (TM). The measured diffraction efficiency was slightly lower than the estimated
value because of the wide spectrum of the test light. With the narrower band spectrum of the
10-MHz laser system, the total throughput efficiency of the compressor was observed to be
85.2%, corresponding to a 96.1% diffraction efficiency in each grating. The stretcher was a
conventional Martinez type consisting of a 180 mm transmission grating and an f = 1000 mm
lens with a diameter of 150 mm. The distance from the grating to the lens was 250 mm, so
that the applied GDD was 1.6 x 107 fs®. The total throughput of the stretcher was 65.4%
because of numerous reflections on the metal-coated mirrors in the stretcher. The pulse was
stretched to 500 ps in full-width half-maximum with the average power of 2 mW. The actual
temporal pulse shape after the stretcher was observed by a fast photo detector and a sampling
oscilloscope as shown in Fig. 3. The original spectrum from the oscillator had some peaks in
both shorter and longer wavelength edges, and peaks at the shorter wavelength region
disappeared at the stretcher because of the geometric restriction as shown in Fig. 3(a). This
characteristic spectral shape can be found in the temporal shape. Since the stretcher adds the
positive chirp on the almost-transform limited pulse, the longer wavelength part with some
peaks in the spectrum appears at the leading edge of the pulse in temporal domain as shown
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in Fig. 3(b). The measurement shows a clear chirp added by the stretcher, leading to the pulse
duration of 0.5 ns.
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Fig. 2. (a) A micrograph of the surface of the grating. The line depth is 1.4 um with a duty
cycle of 0.45. (b) Calculated diffraction efficiency for various duty cycles and line depths. The
dotted circle shows the parameters for the manufactured grating. (c) Measured diffraction
efficiency of the transmission grating with various incident angles. Inset shows the optical
spectrum used for this measurement.
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Fig. 3. (a) The spectrum after the stretcher. (b) The temporal pulse shape observed by a fast
photo diode. The stretched pulse shape shows a clear chirp, whose structure corresponds to the
spectral shape. The stretched pulse duration is 0.5 ns.

The stretched pulse is amplified by two successive Yb-fiber pre-amplifiers. The first
amplifier consisted of a 6 um core, 30 cm Yb-doped fiber with an absorption coefficient of

1200 dB/m and a wavelength division multiplexer to combine a pump beam. A 976-nm SMF-
coupled wavelength-stabilized pumped laser diode is used for the pump source. With a pump
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power approximately 200 mW, a seed beam of 2 mW is amplified to 30 mW. The amplified
beam is collimated and coupled into an isolator and then the second amplifier. For the second
amplifier, a 3-m double-clad Yb-doped fiber with a 10-um core and 125-um first cladding
was utilized. The pumping source was a multi-mode fiber-coupled 976-nm laser diode with 5
W power. The pump beam was coupled into the first cladding of the double-clad active fiber
by using a pump combiner, while a seeding beam was coupled into the core through a SMF.
The pump beam was absorbed by the Yb ions in the core propagating through the first
cladding. When the pump power was 2.4 W, the amplified output power was 0.7 W.
Backward pumping was adopted in both preamplifiers. Optical isolators were inserted
between each of the optical components, as shown in Fig. 1. In the power amplifier, a 1.2-m,
polarization-maintaining photonic-crystal fiber was used with the mode diameter of 30 um
(NKT photonics). The pumping source was a 400-um-core fiber-coupled, 70-W laser diode
with a wavelength of 976 nm. The pump beam was collimated and focused into the first
cladding using two aspheric lenses after a double bounce of dichroic mirrors to prevent the
amplified beam entering the pump laser. The amplified beam was passed through the dichroic
mirror and was collimated by a lens. The output power behind the optical isolator was 27.2 W
with a pumping power of 54 W. Owing to the large stretcher with a high pulse-stretching
factor, the designed intensity inside the gain fiber of the main amplifier was maintained at less
than 1 GW/cm™. The B-integral for the whole system is estimated to be less than 1 rad.

(b)

Intensity (a. u.)
Intensity (a. u.)

1 1 1
1020 1030 1040 1050 1060 1070 1020 1030 1040 1050 1060 1070

Wavelength (nm) Wavelength (nm)
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Fig. 4. Optical spectra measured after the (a) preamplifier, and (b) main amplifier.

Figure 4 shows spectra measured after (a) the pre-amplifier and (b) the main amplifier. A
slight gain-narrowing effect can be seen in the spectrum after the power amplifier. No
obvious spectrum modulation due to the nonlinear effect was observed after the amplifier.
The same transmission gratings were used for the pulse compressor. The total throughput of
the compressor was 85.2%. Although the average power in the compressor is very high with a
relatively small beam size of approximately 3 mm, no damage to the compressor grating or
degradation in the efficiency was observed over a one-year period of operation. The grating
separation was approximately 1.5 m. The average power of the compressed pulse was 23.2
W. The temporal profile of the compressed pulse was investigated with the second-harmonic
generation frequency-resolved optical gating (FROG) method. The observed pulse trace is
shown in Fig. 5. There is no pedestal in the temporal pulse shape. The pulse duration was 200
fs with an almost flat spectral phase. No obvious FROG-trace change was observed when the
output power was changed from 3 to 23 W with fixed grating separation. This also guarantees
the absence of the nonlinear phase shift in the fiber amplifier. After the main amplifier, a
pulse energy of 2.3 uJ was obtained and the corresponding peak power was calculated to be
10 MW. Since the fiber laser system has good spatial beam quality, the diffraction-limited
focusing can be easily realized by using single aspheric lenses. Assuming a focused beam
area of 10 um?, a peak intensity of 1 x 10" W/cm? should be obtained, which is high enough
for the multi-photon ionization of neutral atoms.
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Fig. 5. (a) Observed FROG-trace with an average power of 23 W. (b) Retrieved temporal pulse
shape and phase. This shows a pulse duration of 200 fs with no obvious pedestals.

3. Multi-photon ionization

It is crucial to measure the focused intensity of the laser pulse using the photo-ionization
process since the auto-correlation or FROG methods sometimes overestimate the peak
intensity owing to their low-order nonlinearity. It is one of the well-established methods to
estimate the intensity by fitting the experimental data to the theory of field ionization. Since
the photo-ionization is strongly intensity-dependent, the peak intensity can be characterized
accurately using this method [21-24]. The experiment of multi-photon ionization using a 10-
MHz laser system is also significant as a demonstration of high-field physics with high S/N at
a high repetition-rate. It was attempted to observe an ion current produced by the multi-
photon ionization of Xe and Kr. The compressed pulse was tightly focused by a f = 15 mm
aspheric lens. At the focus, the spatial beam profile is imaged onto the CCD, and the intensity
FWHM of the focused field was found to be approximately 3 um. The estimated intensity
was approximately 10" W/cm?, which is high enough to generate Xe and Kr ions by multi-
photon ionization. First, observation of a Xe plasma in air at atmospheric pressure was tested.
Xe gas was supplied from a 100-um diameter hole in a glass tube with a backing pressure of
3 atm at the focus, and a plasma emission from Xe gas was observed by eye. A vacuum
chamber was constructed in order to observe the ion current and quantify the multi-photon
ionization. The ion current was measured using two electrodes with approximately a 1-mm
gap placed at the focal point. A 27-V bias voltage was applied between the electrodes.
Scanning the laser power using a half-wave-plate and a polarizer after the amplifier, the
electric current was measured with a 1-MQ load resistance. The converted voltage was
obtained using a digital multimeter (Agilent: 34410A), and the data recorded by a PC. The
result is shown in Fig. 6. The ion current of Xe gas as a function of laser intensity is plotted in
Fig. 6(a). A signal-to-noise ratio of more than 6 orders of magnitude was obtained because of
several reasons, as follows. First, when the laser and measurement system is affected by
external perturbation such as mechanical vibration and thermal fluctuation that has typical
noise frequency lower than the pulse repetition frequency, resulting signal averages faster
with higher repetition rate system that has many sampling points within the characteristic
time-scale of noise. Therefore better SN ratio can be obtained with higher repetition rate
measurement. Second, the total signal increases with a higher average-power laser compared
with the low-repetition laser system, that eliminates the contribution from the shot noise and
improves the SN ratio. The obtained data was fitted with the theoretical curve for tunneling
ionization probability. Strictly, multi-photon ionization theory should be employed to
reproduce the ion current measurement of Xe gas; however, reasonable agreement with the
measurement is obtained within a factor of three in the peak intensity when the tunneling
ionization probability is used [21]. The ion current measurements for Kr are shown in Fig.
6(b). For Kr gas, the tunneling theory can be adopted more accurately, and the curve fitting
results in the intensity shift of only 1.2 between the data and the theory. The tunneling or
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multi-photon ionization experiments were performed using a 10-Hz or a 1-kHz repetition-rate
laser. The repetition-rate increased by four orders of magnitude, and therefore the signal-to-
noise ratio improved significantly. The absolute value of the obtained ion current was also in
good agreement with the estimated value from the ionization probability and the gas density.
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Fig. 6. Ion current measurement of Xe (a) and Kr (b). The bottom x-axes show the estimated
intensity from the experiment, and the top x-axes show the fitted intensity to the tunneling
ionization probability. The left y-axes show the observed ion current, and the right y-axes
show the ionization probabilities.

4. High harmonic generation

In order to observe the HHG with this laser system, the laser beam was focused by a f = 15
mm lens, and Xe gas was supplied at the focal point with backing pressure of 3bar. The glass
capillary with ~150um of opening diameter is used as a gas nozzle. The incident beam size
into the chamber was approximately three times smaller compared with the previous
experiment and the focal radius is estimated to be about 7um (FWHM). The focused intensity
is about 1 x 10" W/em®. A looser focus compared to the previous experiment would be better
to generate higher-power, low-order harmonics because of the longer Rayleigh length, which
realizes a better phase matching condition. The generated harmonics were separated from the
fundamental beam using a MgO Brewster plate, which transmitted the fundamental beam
while the HHG is reflected by a Fresnel reflection. The reflected HHG was collimated by a
concave mirror with a radius of 80 mm and spectrally resolved by a 1200-lines/mm grating. A
photomultiplier tube (PMT) with a MgF, window was placed after a slit, and the photo-
current from the PMT was measured. The detected wavelength region was limited by a photo-
cathode material and the transmission of the window with a range of 120-400 nm. Rotating
the grating angle, the photo-current was measured (Fig. 7). An Xe plasma emission at around
170 nm and 3rd, 5th, and 7th harmonics are clearly observed. Higher harmonics could not be
detected by this home-made spectrometer because of the window of the PMT.
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Fig. 7. The 3rd, 5th, and 7th harmonic spectrum generated by Xe gas. Plasma emission around
170 nm is also observed. Higher harmonics were absorbed by the window of the detector.

5. Conclusion

A high intensity laser system with a 10-MHz repetition-rate was developed with the help of a
large-scale transmission grating. The laser system was used under the conditions of 10 MW
and 200 fs to investigate highly nonlinear phenomena such as multi-photon ionization of rare
gases and the high-order harmonic generation. This laser system could be stabilized to an
optical frequency comb so that precision spectroscopy and high-intensity physics could be
merged. Although the stretcher and compressor systems are relatively large in size, the entire
system was found to be stable both in beam direction and output power over long periods of
time. No degradation in the compressor efficiency was observed when operated for one year.
The generated HHG power from this laser system is still too weak to apply it to photoelectron
spectroscopy. A higher HHG power could be achieved by improving the laser system with
larger mode-area photonic crystal fibers as a gain medium, which could generate a 100-W
average power.
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