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ABSTRACT
A dual-channel, high-power laser system with gap-less tuning from 2501300 nm at 3050 femtoseconds pulse
duration is presented as the ideal tool for time-resolved photo-emission microscopy and spectroscopy experiments
at repetition rates up to 4 MHz.
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1. INTRODUCTION
The investigation of ultrafast dynamics in condensed matter and interfaces allows to understand complex material
systems and fundamental interfacial chemical processes,

1 leading potentially to the development of new functional

materials. The commonly applied methods range between spectroscopic techniques and surface microscopy, such
as conventional optical time-resolved pump-probe spectroscopy or ultrafast photo-electron emission spectroscopy

25 In this work, an OPCPA system is presented that serves the requirements of

(e.g. trARPES and trPEEMS).

multi-dimensional pump-probe techniques.
Especially, time-resolved photelectron spectroscopy in condensed matter require a large wavelength-tuning
range for visible to near-IR pumping and ultraviolet (EUV or XUV) probing. Further, a exible pulse repetition
rate from 0.14 MHz is benecial in order to perform studies where high-pulse energies are mandatory suppressing thermal eects on the sample, e.g. optical induced phase transitions in correlated materials, or to improve
the signal-to-noise ratio while reducing space-charge eects at higher repetition rates.

For such applications,

we developed an optical-parametric chirped-pulse amplier (OPCPA) pumped by an industrial high-power femtosecond laser at 1030 nm, and seeded by White-Light Generation (WLG) in bulk crystals.

610 Previously, such

systems had a limited tuning range, because 9801080 nm (and thus 490540 nm in the second harmonic generation) are not accessible due to the WLG process pumped at 1030 nm. Here, we demonstrate a gap-less operation
between 6501300 nm by implementing a near-infrared OPCPA pre-amplier that is used to drive a second WLG
pumped at 1350 nm. The second-harmonic generation (SHG) delivers 350650 nm, and the third-harmonic generation (THG) delivers 250350 nm. Two independently tunable and temporally synchronized OPCPA channels
achieve up to 3 W of average power in the fundamental output, 0.9 W in the SHG, and 0.1 W in the THG with
pulse durations between 3050 fs.

2. THE OPCPA SYSTEM
In typical WLG-seeded OPCPA systems, often a fraction of the 1030 nm output of the pump laser is used to

10 A typical

drive the lamentation process which provides the seed for optical parametric amplication (OPA).

resulting WLG spectrum is shown in gure 1, comprising a large spectral gap around the pump wavelength. This
gap is a consequence of spectral ltering of the pump wavelength at 1030 nm which has three orders of magnitude
higher energy. Additionally, this spectral region is highly modulated in spectral intensity and phase by strong
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Figure 1: White-Light Generation (WLG) with pump wavelength at 1030 nm.

There is a clear spectral gap

visible around the pump wavelength due to spectral ltering of the pump wavelength.

nonlinear phase-modulations.

Hence, the standard WLG at 1030nm hinders spectroscopic applications in an

important range between 490 and 540 nm (SHG). Here, we used a dierent approach generating the WL at a
pump wavelength at 1350 nm by using an additional OPCPA pre-amplier which allows for gapless tunability
between 6501300 nm.
Figure 2 shows a schematic layout of the laser system.

All channels are pumped by a Coherent Monaco

Yb-based ber laser (Coherent Monaco-1035-80-60) with maximum 60 µJ pulse energy. A fraction of 8 µJ of the
pump energy is used to generate a gap-less seed (Channel 1). This is achieved by white-light generation and
subsequent amplication of the red-shifted part of the WLG spectrum (> 1350 nm) in a rst OPA stage (BBO,
pumped at 515 nm, type I phase matching).

The output of that OPA stage is used for a second white-light

generation with a blue-shifted part covering the entire spectral range from 6501300 nm. This oers two basic
advantages: Firstly, the output of the WLG shows no gap around the original pump wavelength, allowing for
an amplication over the entire spectral range given above. Secondly, the dispersion of the WLG is well dened
over the entire spectral range, giving the possibility of pulse compression in a simple compressor scheme needing
no major alignment steps for changing the wavelength ranges.
The output of Channel 1 is amplied in two independently tunable OPCPA stages ranging from 6501300 nm
(Channel 2, OPA1) and 650950 nm (Channel 3, OPA2), both BBO crystals, pumped at 515 nm with type I
phase matching, respectively. Each OPA exceeds a pulse energy of 2 µJ over the entire tuning range at 1 MHz
repetition rate and more than 500 nJ for OPA1 and 200 nJ for OPA2 at 4 MHz repetition rate.

The spectral

tuning range of OPA1 is shown together with its Second Harmonic Generation in gure 3. OPA1 can also be
tuned to wavelength ranges

> 1350 nm,

making an even broader spectral range accessible for experiments.

The outputs of both channels support a bandwidth compressible to a pulse duration of

< 30 fs

FWHM over

the entire tuning range without the necessity of a major re-alignment of the optical path throughout the system.
The dispersion management comprises a fully passive design (i.e. no active phase-control, e.g. via acousto-optic
programmable dispersive lter) with a bulk glass stretcher and a specially designed chirped mirror compressor
set-up. Some example measurements of the compressed pulse durations of OPA1 are shown in gure 4.
The measured pulse durations are below 30 fs at 810 nm, 1000 nm and 1200 nm respectively.

The entire

2

OPCPA system is set up in a housing with a footprint of 120 x 80 cm , where the pump laser is integrated.
The engineering approach of having pump laser and the OPCPA sharing the same reference ground plate and
advanced thermal management allow for superior average power stability of the outputs.

Figure 5 shows an

example stability of OPA2 output comprising a slight upwards drift at the beginning of the measurement. This
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350 - 650 nm
< 50 fs
650 - 1300 nm
< 30 fs
1030 nm
300 fs
1 - 4 MHz
60 W
650 - 950 nm
< 30 fs
325 - 475 nm
< 50 fs
250 - 316 nm
< 50 fs

Figure 2:

Schematic diagram of the 14 MHz OPCPA system with gap-less seeder (Ch1, WD Seeder 650

1300 nm), and two individually tunable outputs (Ch2 and Ch3).

The output pulses of Ch2 and Ch3 can be

further converted to second and third harmonic to the UV wavelength range. Pulse durations are
fundamental and

< 50 fs

< 30 fs

for the

for the harmonics.

Figure 3: Fundamental amplied spectra (supporting sub 30 fs pulse duration) and corresponding second harmonic (SHG)spectra of OPA1.

settles after ca.

0.5 hours.

After the warm-up phase, a rms stability of 0.4 % over

> 13 hours

of operation is

measured. It could also be demonstrated that after a complete reset of the system the same specications are
achieved after the warm-up phase without optical re-alignment.
Changing the repetition rate of the system from 1 MHz to 4 MHz is achieved by changing the telescopes used
for pumping the OPCPA stages. The energy and mode-matching for the seeder part (channel 1) of the system
remain constant, such that a stable operation of the seeder is achieved.
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Figure 4: Measured autocorrelation traces of the output of OPA1 at (a) 810nm, (b) 1000nm and (c) 1200nm.
Each measured pulse duration is below 30 fs FWHM.
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Figure 5: Stability of the output of OPA1, measured over more than 13 hours at 1 MHz repetition rate. The
measured output stability is better than 0.4 % rms.
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Figure 6:

Fundamental amplied spectra (sub 30 fs) and corresponding second harmonic (SHG) and third-

harmonic (THG) spectra spectra of OPA2.

3. SECOND AND THIRD HARMONIC GENERATION
The spectral range of the Laser system is expanded by implementing further harmonic generation stages.

A

second-harmonic stage (SHG) is implemented for both OPAs with eciencies of more than 20%. The second
harmonic of OPA1 is shown in gure 3, together with the fundamental tuning range. For OPA2, second-harmonic
and third-harmonic generation (THG) is implemented with a total conversion eciency of more than 20 % for
SHG and 5 % for THG out of the fundamental wavelength. For all conversion stages, thin BBO crystals are used
with type I phase matching. Figure 6 shows the spectral tuning of the OPA2 with the corresponding SHG and
THG tunability.
A gap in the tuning range between 475650 nm is visible. This shows the gap to be expected for the use of
the classical WLG seeding method of the OPA stages and is lled by the SHG of OPA1. The harmonic stages
for the system are installed in an extra housing, mainly due to the fact that UV generation via THG causes
contamination problems when operated in ambient air. To avoid this, the housing of the harmonic stages is a
fully sealed box with the possibility of Nitrogen purging. The stability of the SHG of OPA1 is shown in gure 7.
The stability measurement has been performed over more than 14 hours of operation of the SHG at 400 nm.
As in the output stability of the driving OPA shown above, a slight warm-up phase can be observed in the
beginning of the measurement. The overall stability over the measurement period is 0.25 % rms. The conversion
eciency of the SHG stage is well above 25 %.

Corresponding to the spectrum and taking into account the

dispersion of the materials used in the harmonic generation stages, the pulse duration of the output pulses will
not exceed a value of 50 fs FWHM (Gaussian intensity envelope).

4. CONCLUSION AND OUTLOOK
In this work, we have shown a dual output OPCPA system as a versatile tool for multi-dimensional and timeresolved advanced spectroscopic applications and pump-probe techniques from UV to NIR. A spectrally gap-less
light source with pulse durations of

< 30 fs

in the fundamental and

< 50 fs

in the second and third harmonics.

The wavelength range covered by the system presented starts at UV wavelengths with

< 250 nm

and spans into

the NIR region up to 1300 nm. If a gap-less operation of the system at wavelengths larger than 1300 nm is needed,
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Figure 7: Stability of the SHG output of OPA1, measured over more than 14 hours at 1 MHz repetition rate.
The measured output stability is better than 0.25 % rms.

the seeder concept can also be adapted to work at a higher driving wavelength to shift the spectral gap to a
tailored position. The long-term stability of the system shows to be better than 0.5 % rms after warm-up over
more than 12 hours. This is also achieved for the harmonics of the system. Conversion eciencies of more than
20 % for SHG and ca. 4 % for THG are achieved. The two outputs of the system are in addition intrinsically
synchronized due to the use of the same seeder for both channels, making the Class 5 Photonics White Dwarf
Dual an ideal source for two-color pump-probe experiments. Further expansion of the wavelength capabilities
towards 60 nm are planned via a compact high-harmonic generation stage.
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