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ABSTRACT

We report on a diode-pumped regenerative amplifased on Yb:CaFmaterial, delivering pulses up to 1.8mJ pulse
energy at a repetition rate of 100Hz. The crystaimped at the zero line at 978 nm with a 10Wicoaus wave (CW)
fiber coupled laser diode. The pulses have a sgdeandwidth of 16nm centered at 1040 nm, whiclicatgs a good
potential for millijoule range sub 100fs pulse dioa after compression. It is also a good candidateseeding higher
energy diode-pumped ytterbium lasers.
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1. INTRODUCTION

More and more industrial applications require td#a efficient and compact laser configurationgdustrial diode-
pumped ultrafast lasers are very promising andrdiffgh flexibility in energy and repetition rate.tt¥rbium doped
materials are popular since 10 years as active kaselia, and show various advantages compared thétin N
counterparts, for several applications around 1656 First of all, their broader absorption spectruvhich is suitable
for direct diode-pumping, allows pumping with redalx temperature regulation constraints. Their laegeission
bandwidth permits ultra short pulse generation, lditgtion, and broad tunability. Then, their siraptlectronic level
structure based on only two manifolds, reducesnthétoads and prevents undesired effects such esnuprsion and
excited-state absorption. Thus, their low quantwefects allows high dopant concentrations while madiing low
fluorescence quenching and gives rise to highieffities even at high pump power.

For some specific applications, sub-100fs energaiises are required. Intensive work was done engtmeration of
short pulse duration with diode-pumped oscillatoased on Ytterbium materials, however for millijpwange energy,
broadband amplifiers suffer from thermal effecgdimg to lower average poweand efficient amplifiers suffer from
gain narrowing, leading to longer pulse duratiotypically >350f$™. New materials are needed, with broad gain
spectrum together with a high gain for good extoaxcefficiency.

A “new-old” laser material showed recently very mising results for short pulse generation in oatltd as for short
pulse high energy amplification up to the TerawatteP. Indeed, Yb:Caf offers a good thermal conductivity for
undoped material, 9.7 W hK™, comparable with that found for YAG, although thereasing YB" concentration will
reduce the thermal conductivity. For instance,ttfeemal conductivity decreases to 5.0 W ii* for a 5-at. .% doping



level. Furthermore, it can be grown easily by othe Czochralski and Bridgman technique, leadingery large size,
up to diameters of about 200 mm. The crystals liga-quality, show high damage threshold, low disjpa behavior
and limited nonlinear effects under intense las@&diation So, they are suitable for high-energgl aigh-power laser
operation. In addition, the substitution of trivatleytterbium for C&" ions into the cubic structure of Gafeads to
charge compensation to maintain the electricalrabtyt creating thus a rich multisite structureoBd absorption and
emission bands are obtained, which makes it abtmapete with glasses, and thus, to get broadlgitiencontinuous
laser operatich Finally, Yb:Cak has a long fluorescence lifetime, 2.4"mshich allows to use fewer pumping diodes
to accumulate a certain amount of energy withingdi@ medium of a pulsed laser amplifier.

In this contribution, we report on a watt level eegrative amplifier based on Yb:Galaser material used at room
temperature.

2. EXPERIMENTAL SET-UP

Our approach to study the potential of Yh:g&br short pulse amplification was to use the @kt a regenerative
amplifier cavity with a Pockels cell for Q-switclgimnd a thin film polarizer centred at 1040 nm useBrewster angle.
As depicted on the experimental set-up on figurthé crystal is a 5mm long crystal with 2.6 % dgp@oncentration,
used at Brewster angle, pumped through a dichraionby a 10 W laser diode with a central wavetbngf 978 nm.
To optimize the overlap between the laser and thepbeams, the diode is coupled with a 200 um diamfiber, then
collimated and focused by two 50 mm focal-lengtpléts to reduce optical aberrations. The pump si@meter is
estimated to approach 2@fn in the middle of the crystal. The cavity is desd in order to obtain diffraction limited
laser beam at the output, with a cavity lengthbufia 1.5 m.

The Pockels cell is adjusted for quarter waveptdatd5° in static state,e. without high voltage, and no birefringent
effect with high voltage. We extract the intracgvitulse when its energy is maximal after aboyts2in the cavity
depending on amplifier repetition rate.

Thin film polarizer (TFP) is used in combinationtlvithe Pockels cell to extract the output pulserédoer we exploit
the spectrally-dependent losses of the TFP in aiwléune the output pulse spectrum. Indeed, apdarizer acts on
gain cavity spectrum as a high-wavelength passistidp its angle between 55° and 59° allows to tineespectrum of
the laser. We assume that other component coafimysmirrors and on Pockels cell) are almost flatatircrystal gain
spectrum (at typical inversion).

Yb:CaF, spectral gain depends on the inversion of ther Islsewing mainly a maximum gain around 1045 nmidev
inversion rate and around 1035 nm for high invergiate. This behaviour allows to use such a matéiavarious
applications where central wavelength is an issee,injection of higher power amplifiers such ab:YAG or even
Nd:glass, with relatively broad spectrum to figbainst gain narrowing in the subsequent amplificatitages.
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Figure 1 Laser Set-up, MO: dichroic mirror, M1:wed mirror, M2: end-cavity flat mirror, TFP: thiiirh polarizer, PC: Pockels
cell, LD: Laser diode



3. Q-SWITCH RESULTS

As depicted on Figure 2 showing the dependenckechterage power and energy versus the repetittenwe achieved
extracted energy as high as 1.8 mJ at 100 Hz tepetate, and average power as high as 850 mVighthrepetition
rate. The fluorescence lifetime of 2.4 ms of thestal explains a decrease of the output energsefoetition rates higher
than 300 Hz. However, the maximal average outpwepds reached at 800 Hz, due to a complex intgrpktween
storage time and amplification time.
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Figure 2 Evolution of average power and outputgelsergy with repetition rate

We observed a significant influence of the polariakgnment on the amplified spectrum, which allowe tune and
optimize the spectral shape for broadband ampiifina necessary to achieve short pulses after cessmn in a
chirped-pulse amplification architecture.

Figure 3 shows the spectrum obtained at a 500 Hetiteon rate and 1.5 mJ output pulse energy. Tgectsum is
centered at 1040 nm with a bandwidth of 16 nm FWHith a “camel” shape transcribing the valley adQ0hm
observable in the spectral gain profile.

This result clearly indicates a strong potential§ab 100 fs pulse duration in the millijoule rangre order to achieve
millijoule range short pulses with this amplifiseeding pulses are required with a central wavébenigl040nm, and a
bandwidth higher than 20nm, which is not availatitectly out of a purely soliton-based oscillator.
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Figure 3 Normalized output pulse spectrum at 50¢15& mJ), and dependence of the polarizer anglecadence

4. SEEDING WITH A BROAD SPECTRUM

The experiment was then conducted using a standscillator combined with a spectral broadening exyst The
oscillator used for the injection is centered &29.6m, with 6nm broad spectrum.

So, we decided to inject the oscillator output iatoundopped polarization maintaining large moda diber (PLMA)
whose core diameter is 25 um. The*YKGW oscillator delivers transform-limited 180 fslpes at a repetition rate of
30 MHz with an average power of 700 mW at the @ntiavelength of 1029 nm. Into the fiber, the attid self-phase
modulation (SPM) leads to a considerable spectmhdening of the oscillator spectrum. Thus, we daélect the
attractive part situated between 1030 and 1050 nm.

This oscillator was then injected into a 4m longloed polarization maintaining large mode arear flB&-MA) with
25um core diameter. Using such large mode areavalio achieve a smooth broadened spectrum, owititetinterplay
of self-phase modulation together with positivepdision. The pulse train delivered by the*YKGW oscillator were
transform-limited pulses with 180 fs pulse durataira repetition rate of 30 MHz with an average poaf 700 mWw.
The pulses at the output of the fiber showed adeoed spectrum of approximately 60 nm, allowingetect the proper
spectrum region between 1030 and 1050 nm.

The spectrally broadened pulses were directly tagedén the broadband regenerative amplifier, takiegefit of the
stretching effect of the fiber. The amplified spaot showed a bandwidth similar to the one achievigdout seeding.
Distortions appeared in the spectrum for 200uJaeted pulse energy, indicating that stretching aublsequently
compressing is required to achieve millijoule levdbwever, this result demonstrates that the reggine amplifier
supports a broadband spectrum, confirming the piateaf such amplifier.
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Figure 4 Output pulse spectrum of the PLMA fiber

5. CONCLUSION

We demonstrated broadband, high energy regeneiatipdifier, based on Yb:CaBingle crystal. We obtained maximal
output energy of 1.8 mJ, maximal output power dd &V and maximal spectral bandwidth of about 16cemtered at
1040nm. This laser material offers a good comhimatdf high energy storing capacity together witloaat gain
spectrum, indicating a good potential for sub-19@dilse amplification at millijoule energy level.
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