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Abstract

The pulse duration of a burst-mode 100 W Nd-doped picosecond amplifier is nonlinearly compressed in a multi-pass cell
device. The spectral broadening and pulse compression are investigated theoretically. The spectral bandwidth is broadened
from 0.13 to 3.28 nm experimentally, corresponding to a broadening factor of 25.2. The pulse duration is compressed from
14.2 to 0.99 ps, corresponding to a compression factor of 14.3. The compressed pulse duration of four successive pulses
are theoretically estimated to be 0.98 ps, 1.47 ps, 1.86 ps, and 3.07 ps, respectively. The laser power after the grating pair
compressor is 72 W. Therefore, the total efficiency of our system reaches 72%. The beam quality after the MPC unit is almost

preserved with a M? value of 1.38 x 1.40.

1 Introduction

High power ultrafast lasers are powerful tools for the
research of material processing, such as the generation of 3D
microstructures [1], the ablation of high polymer material
[2, 3], and laser deposition [4]. Compared with single pulse
mode, ultrafast lasers with burst-mode possess improved
quality and higher removal rates during the microfabrica-
tion process [2]. The burst-mode ultrafast lasers also have
the potential to be applied in biomedical and energy fields,
like thrombus ablation [5] and the cutting of material for
the Li-ion battery [6]. Therefore, improving the properties
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of the burst-mode ultrafast lasers makes significant sense
for practical applications. The pulse duration is one of the
core parameters of the ultrafast lasers. Ti: Sapphire ultrafast
lasers can radiate ~30 fs pulses directly, but the available
pump sources and large quantum defects of the Ti: Sap-
phire crystals severely limit the repetition rate of the Ti:
Sapphire amplifier to ~kHz and average power to 20 W level
[7, 8]. Ytterbium (Yb)-doped bulk gain media such as Yb:
KYW [9, 10], Yb: KGW [11], Yb: CALGO [12, 13], Yb:
CaF, [14] and Yb: CaYAIO, [15] can radiate laser pulses of
around 200 fs. Furthermore, Yb-doped gain media possess
the advantages of low quantum defects and can be directly
pumped with the high-power laser diode (LD). Therefore,
Yb-doped high-power femtosecond lasers have developed
rapidly in the last few years. Nevertheless, the chirped pulse
amplification (CPA) technology could be applied to boost
the pulse energy of the Yb-doped ultrafast lasers. Hence,
high-power Yb-doped amplifiers suffer bulky configurations.

The neodymium (Nd)-doped gain media such as Nd:
YVO, and Nd: YAG also possess the low quantum defects
and can be directly pumped with high-power LD. Limited by
emission spectral bandwidth, the pulse duration of the Nd-
doped picosecond amplifier is typically around 10 ps, which
means that the temporal stretcher and compressor can be
omitted in the Nd-doped picosecond amplifiers. Hence, the
Nd-doped picosecond lasers possess simple configuration
and small footprint. By combining the high-power Nd-doped
picosecond amplifiers with nonlinear post-compression tech-
nologies, it is more feasible to obtain high-power ultrafast
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lasers with the same merit as the Nd-doped picosecond
lasers but with a shorter pulse duration.

A variety of post-compression techniques have been dem-
onstrated, such as solid core fiber [16], gas-filled Kagome
hollow-core PCF [17], hollow core fiber [18], solid thin
plates [19-21] and Multi-Pass Cell (MPC) [22-27]. For a
100 W level commercially available picosecond amplifier,
it has a typical pulse duration of ~ 10 ps and a repetition rate
of several hundred kilohertz. Hence, the peak power of the
high-power picosecond laser is at 10 MW level. In [22], we
have summarized the input laser pulse parameters applica-
ble to different post-compression devices. It is clear that the
MPC is the most ideal scheme for post-compression of high-
power picosecond pulses. Since it distributes the nonlinear
spectral broadening in multiple steps, the self-focusing or
spatial-temporal coupling is negligible, and the beam qual-
ity is almost preserved. The MPC also features low cost,
high efficiency, and compact configuration. To sum up, the
MPC is the most applicable technology for post-compression
of the burst-mode high-power Nd-doped picosecond lasers.

The laser pulses within a burst are amplified one after
another. As a result, the pulse energies within a burst
decrease sequentially. During the nonlinear interactions,
the pulses will undergo different spectral broadening, so
the group delay dispersion (GDD) required to compress
the pulses to the Fourier transform limit (FTL) is different.
Since the pulses within a burst are dispersion compensated
simultaneously, the compressed pulse durations will be dif-
ferent. Therefore, it is essential to compensate for the proper
amount of GDD to ensure that all pulses have excellent tem-
poral quality.

In this letter, we demonstrate the simulations of the
spectral broadening and pulse compression of a 100 W

burst-mode Nd-doped picosecond amplifier. Also, on the
experiment the spectral bandwidth of the driving laser is
broadened from 0.13 to 3.28 nm, corresponding to a spectral
broadening factor of 25.2. After dispersion compensation,
we estimate the compressed pulse durations of four succes-
sive pulses are 0.98 ps, 1.47 ps, 1.86 ps, and 3.07 ps, respec-
tively. And all pulses are not split, theoretically.

2 Experimental setup

The experimental setup is depicted in Fig. 1a. An Nd-doped
burst-mode picosecond amplifier is employed as the driv-
ing source. It consists of a 20 MHz mode-locked picosec-
ond oscillator, a pulse picker, and multi-stage amplifiers.
The driving source delivers an average power of 100 W
at a repetition rate of 200 kHz. Each burst contains four
pulses by controlling the gate width of the pulse picker.
The four pulses are amplified one after another, so their
energy decreases sequentially. The energy ratio between
the four pulses is collected by a photodiode and monitored
by an oscilloscope, and the result is 1:0.8:0.69:0.55, as pre-
sented in Fig. 1b. Thus, the energy of the 4 pulses within a
burst are estimated to be 165 pJ, 130 pJ, 115 pJ and 90 pJ,
respectively. The pulse duration of the picosecond laser is
14.2 ps (full width at half maximum, FWHM) assuming a
Sech? pulse shape, as shown in Fig. 1c. Assuming that all
pulse energy is contained in the main peak, the peak pow-
ers of the four pulses are 10.2 MW, 8.0 MW, 7.1 MW, and
5.6 MW, respectively. The central wavelength and spectral
bandwidth (FWHM) of the picosecond laser are 1064.4 nm
and 0.13 nm respectively, as presented in Fig. 1d. The
MPC consists of two concave mirrors (CM1-CM2) with a
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diameter of 76.2 mm and a radius of curvature of 300 mm.
The concave surfaces are coated with a high reflection coat-
ing at 1064 nm with a reflectivity higher than 99.9%. The
distance between the CM1 and CM2 is set to approximately
530 mm, corresponding to an eigenmode radius of 529 mm
on the MPC mirrors and 181 mm in the middle of the MPC.
The mode matching between the picosecond laser and the
MPC is realized through three lenses (L1-L3). Two 9 mm
thick fused silica plates are employed as the Kerr-mediums,
which are positioned in the middle of the MPC. The laser
beam injection and extraction from the MPC is executed by
a rectangular mirror with a width of 3 mm. The picosecond
laser beam is aligned to propagate 50 roundtrips inside the
MPC, corresponding to 100 passes through the plates. Thus,
the total distance propagated in fused silica and in free-space
is about 1.8 m and 51.2 m, respectively. A Treacy-type com-
pressor consisting of two 1200 grooves/mm transmission
gratings (TG1-TG2) is employed to compensate for the
positive chirp induced by the self-phase modulation (SPM).

3 Results and discussion

At 100 W of full power input, the output power of the MPC
is 83 W, corresponding to an efficiency of 83%. The loss
arises from 99 reflections on the MPC mirrors and 100
passes through the plates. Since the peak powers of the four
pulses are different, they will accumulate different nonlin-
ear phase shifts as they propagate through the MPC unit,
which means that the spectra of the four pulses output from
the MPC will be clearly different. Eventually, the negative
GDD required to compress the four pulses to the Fourier

transformation limit (FTL) is different. Therefore, theoretical
simulations are necessary to evaluate the spectral broaden-
ing and pulse compression results. The spectral broaden-
ing and pulse compression of the picosecond pulses in the
MPC can be simulated by solving the generalized nonlinear
Schrodinger equation [28].

Figure 2a—d shows the theoretically calculated broadened
spectra of the four pulses within a burst. It is clear that the
spectra expand almost symmetrically to both sides, with a
series of peaks. Hence, in our experimental terms, the spec-
tral broadening is dominate by the SPM effect. As the peak
power of the four pulses decreases progressively, so does the
nonlinear phase shift. The calculated spectral bandwidths
of the four pulses at the intensity of half the outer spec-
tral maxima are 2.73 nm, 2.15 nm, 1.90 nm, and 1.47 nm,
respectively. Correspondingly, the FTL pulse durations of
the calculated broadened spectra are 0.94 ps, 1.17 ps, 1.3 ps,
and 1.62 ps respectively, as depicted on the right side of
Fig. 2a—d.

The envelopes of the Nd-doped picosecond pulses from
the MPC are almost preserved, but all with a positive chirp.
With precision dispersion compensation, the pulse duration
will be significantly shorter than the initial input picosecond
laser. The variation of the pulses with compensated nega-
tive GDD is simulated theoretically, as shown in Fig. 3a—d.
It is clear that the amount of GDD required to compress
the four successive pulses to FTL gradually increases. For
the first pulse, when the compensated GDD reaches — 1.7
ps?, it is compressed close to the FTL firstly. Increasing the
compensated GDD to — 2.5 ps?, the intensity of the side
pulses progressively increase. And the first pulse will split
into several peaks if further increase in GDD compensate for
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Fig.3 Variation of the pulse shape with compensated GDD. a—d The first pulse to fourth pulse in a burst

this. For the 2-4th pulses, the amount of GDD required to
compress the pulse to an ideal pulse shape is approximately
—2.2 ps?, — 2.5 ps?, and — 3.2 ps?, respectively. Our defini-
tion of the ideal compression result is that the intensity of
the side pulses are as low as possible and the main peak of
the compression pulse is close to the FTL. Since the energy
is mainly concentrated in the first pulse (33%), we consider
that none of the pulses split and the first pulse is close to
the FTL to be an ideal compression scheme. Therefore, the
amount of compensated GDD should be approximately — 1.7
ps?, theoretically.

The broadened spectrum from the MPC unit is monitored
by a high-resolution optical spectrum analyzer (AQ6374,
YOKOGAWA), the result presented in Fig. 4a. The broad-
ened spectrum possesses a multi-peak structure, which sug-
gests that the spectral broadening within the MPC unit is
indeed dominated by the SPM. The number of peaks in the
broadened spectrum is significantly more than the theoreti-
cally calculated spectra of the first pulse. This is because the

measured spectrum is a total superposition of the broadened
spectra of the four pulses, which means that the peaks of the
measured spectrum may come from different pulses. The
spectral bandwidth of the broadened spectrum is 3.24 nm
(taken at half the intensity of the outer spectral maxima),
corresponding to a broadening factor of 25.2. The FTL
of the broadened spectrum is calculated to be 0.93 ps, as
shown in the inset of Fig. 4a. Then the pulses are injected
into the compressor to remove the positive chirp. The laser
beam is incident on the TG at a Littrow angle of 39.7° for
maximizing diffraction efficiency. The average power of the
picosecond laser after the compressor is 72 W, correspond-
ing to a compression efficiency of 86.7%. The compressed
pulse duration is characterized by a commercial intensity
autocorrelator (A.P.E. Pulse check-150). By fine tuning the
distance between the TG1 and TG2, a shortest 1.35 ps auto-
correlation trace is measured, as shown in Fig. 4b (black
line). At this point, the distance between the TG1 and TG2
is 12 cm, and the GDD that can compensate is about — 1.62
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Fig.5 Theoretically calculated pulse duration of four successive
pulses when compensating for the GDD of — 1.62 ps®. a—d The first
pulse to fourth pulse in a burst

ps?. The simulated autocorrelation trace of the FTL pulse is
1.27 ps, as presented in Fig. 4b (red line). Assuming that the
deconvolution factor of the compressed pulse is the same as
the FTL (0.73), which yields an approximate compressed
pulse duration of 0.99 ps. As mentioned before, the pulse
durations of the four pulses are different when compen-
sating for the same GDD. Hence, the measured intensity
autocorrelation trace is not the real pulse duration of the
four pulses. Figure 3a—d shows the theoretically calculated
pulse durations for compensating different dispersion. We
extracted the four pulse shapes from Fig. 3a—d for a com-
pensated GDD of — 1.62 ps?, as shown in Fig. 5a—d. The
pulse durations of four successive pulses after the compres-
sor are estimated to be 0.98 ps, 1.47 ps, 1.86 ps, and 3.07 ps,
respectively, and four pulses are not split. Nevertheless, it
is clear that the simulated four compressed pulse durations

are different and all pulses contain macroscopic pedestal.
By integration, we estimate the pulse energy contained in
the main peaks of the four pulses as 54%, 55%, 56%, and
65%, respectively. Although the first pulse is near the FTL,
its main peak contains the least amount of pulse energy due
to the broadened spectrum has more intensity modulation.
As a comparison, the subsequent pulses feature better tem-
poral quality, although they are farther from the FTL due
to insufficient dispersion compensation. By employing a
burst-mode picosecond laser with consistent pulse energies
as the driving source, coincident pulse compression results
are expected, both in terms of compressed pulse duration
and temporal quality.

Figure 6a, b presents the beam quality (M?) of the pico-
second laser before and after the MPC unit. The beam qual-
ity after the MPC is basically preserved with a M? values of
1.38x 1.40.

4 Conclusion

In conclusion, post-compression of a 100 W burst-mode
Nd-doped picosecond amplifier in a solid-state MPC unit
is demonstrated. For the pulses with different pulse energy,
the theoretical simulation to evaluate the spectral broad-
ening and pulse compression is implemented. To ensure
the four pulses after chirp removal are not split, only the
first pulse is compressed to near FTL, 2nd—4th pulses are
still positively chirped. The theoretically calculated com-
pressed pulse durations of four pulses are 0.98 ps, 1.47 ps,
1.86 ps, and 3.07 ps, respectively. The total efficiency of
the optical system reaches 72%, while the beam quality of
the driving laser after the MPC is almost preserved with a
M? value of 1.38x 1.40. Due to the non-adjustable energy
ratio between the four pulses, the actual compressed pulse

Fig.6 Beam quality (M?) of the

burst-mode picosecond laser. a 12t (a) 141 (b)
Before the MPC unit, b After £ 10h M]ZC =1.32 Mf, =1.40 c12 M% =1.38 M32/ =1.40
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£ 08r &
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duration is different, while more pulse energy contained in
the uncompressed pedestal. Using a burst-mode picosecond
laser with consistent pulse energy as the driving source, the
same pulse compression results are expected, both in terms
of compressed pulse duration and temporal quality. This
laser source has great potential to be applied in microfab-
rication field.
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