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Abstract: To enable the enhancement of few-cycle pulseggimfinesse passive optical resonators, a
novel complementary-phase approach is consideratidaesonator mirrors. The design challenges and

first experimental results are presented.
OCIS codes: (310.4165) Multilayer design; (310.5696) Refinemand synthesis methods; (310.1860) Deposition and
fabrication; (140.4780) Optical resonators; (32@M1Ultrafast nonlinear optics.

1. Introduction

Passive optical resonatorseathancement caviti€&C) serve manifold applications in linear as vealinonlinear
optics. Early on, the ability to efficiently cougdight to transverse eigenmodes of stable optiesbmnators has been
used to enhance the interaction of light with atdidl gas sample and, thus, increase the sensiiiityear
absorption spectroscopy [1]. A recent exampletieruse of ECs in the field of nonlinear opticsighkorder
harmonic generation (HHG) of ultrashort near-indchpulses at repetition rates of several tens of & Here,
the pulses of a mode-locked laser are cohererbkstl inside of a high-finesse EC, allowing foruésp energy
enhancement of a few orders of magnitude with respethe original pulse train, which enables titensities
necessary to drive HHG in an intracavity gas target

However, the same properties that underlie theithatysenhancement in EC-based spectroscopy atestitute
a technical limitation of the optical bandwidth popted by a high-finesse EC; the spectral phase afitrashort
pulse circulating inside of an EC in the steadyesimaffected by the single-roundtrip linear aodlmear
dispersion, enhanced by a factor close to the gresrgancement [3], resulting in a suboptimal imerhce at the
input coupler of the cavity. Currently, the shorfeslse durations reported for high-finesse ECdrathe range 25-
30 fs at central wavelengths aroungdrt [4]. Advancing multi-layer mirrors for high-fines ECs to bandwidths
supporting few-cycle pulses would allow for a quemtleap in the applications mentioned above. Fstairce,
driving HHG in an EC supporting few-cycle pulsesulgdbenable the generation of powerful, isolatedsstond
pulses at multi-MHz repetition rates, and, coninglithe spectral phase of broadband mirrors witigh precision
would allow for an efficient coupling to the caviigcounting for the intracavity nonlinearity [3lufhermore,
increasing the bandwidth over which a high mireftectivity can be combined with a flat spectraapé would
tremendously extend the possibilities of frequeocogib-based absorption measurements, allowing fesively
parallel high-precision measurements.

In this contribution, the challenging design, protitn and characterization problem of dispersiverons (DM)
providing a group delay dispersion (GDD) closee&eoozfor a roundtrip in the EC and supporting aradiroadband
spectral range is addressed. The novelty of thikwgothe fact that the complementary-pair appraadateach a 0-
rountrip GDD in an ultra-broadband spectral rarmapplied.

2. Design approach

We consider the design problem of high-reflectidrrans for an EC working witlp-polarized light and supporting
circulating pulses of 15 fs at a finesse of 625 Tdrgetp-polarized reflectanc®® is 100% and the target GDD is

zero in the spectral range of interest from 910t@rh190 nm, at an angle of incidence of 1.5°. Alelnge of this
design problem is connected with the fact that subhoad bandwidth in combination with a GDD clos® cannot
be supported by a single mirror. For the specifiaddwidth single-mirror solutions provide unaccéptaigh
GDD residual oscillations leading to destructiorcio€ulating pulse after several dozens of bounthsrefore, to
design dispersive mirrors with the spectral chandstics specified above, a complimentary pair apph has been
considered [5]. Two dispersive coatings, furthéemed to adM-MinusandDM-Plus, have been designed.

In these designs, N®s as the high index materials and $&3 a low index material were used; the substrate
material was Suprasil and substrate thickness®rd5Refractive index wavelength dependencies offilin
materials and substrates are described by a welikrCauchy formula:

n(A)= A+ A(A A) + A4 A)*, 1)



where A, A, A are dimensionless parameteds=1000nm, Alis specified in nanometers. The values of the
Cauchy parameters of thin film materials and salbstrare presented in Table 1.
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Fig. 1. (a): Schematic view of an enhancement gaamprising three highly reflective mirrors(HR)daane input coupling
mirror (IC), seeded by a broadband pulsed lasgrTtreoretical GDD spectral dependencies

Table 1. Cauchy parameters of thin-film materéald substrates

Material A, A A

Nb,Og 2.218485 0.21827 3.99968 10
Sio, 1.460472 0 4.986% 10
Suprasil 1.443268 4.06x 10° 6.9481764 10

For the design purpose, the needle optimizationrigcie with manual control incorporated into OptieaThin
Film Software were used [6]. Desi@fM-Minus consists of 66 layers and has total physical tiesk of 10289 nm;
designDM-Plus contains 64 layers and has physical thicknes®20Z nm. The reflectance values of each mirror
are higher than 99.9% in the spectral range oféste The GDD spectral dependencies of the designedrs are
plotted in Fig. 1(b). The DM pair reflectance anD@are calculated as:

R (1) =R (A) DR, (1),  GDRY(4)=( GDRA(4)+ GDRA, (4))/2
Pair GDD is shown in Fig. 1(b): it is seen thatilbsttions of GDD can be suppressed3DD,
are almost in antiphase.
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Fig. 2. Comparison of theoretical and experime@al (a) and GDD (b). Pair GD and GDD are calculdtech the WLI data.



3. Experimental results

The production of complementary pairs of DMs igextely challenging, since it is necessary to deguscisely
matching pair with extremely high accuracy. Theigiesd DMs were produced using Leybold Optics magmet
sputtering Helios plant, layer thicknesses werdrotlad with the help of well-calibrated time-maaiiing [5]. The
spectral transmittance of the produced DMs was oredsat PerkinElmer Lambda 950 spectrophotometér an
excellent correspondence between theoretical apergmental transmittance data has been achievesit dfitical
for the application in ECs, however, are the messphase characteristics of the DMs.

GD and GDD of the DM samples were extracted froenrtteasurements provided by a white light
interferometer (WLI) and processed with a specidélyeloped algorithm [7]. WLI data was taken in tspectral
ranges using two different detectors, namely inréimgie from 870 nm to 1100 nm and in the range ®66hnm to
1200 nm. In Fig. 2(a) the measured and theoreB8&abf DMs are compared. It is seen that there &xigiood
correspondence between experimental and theor&[@alata as well as an excellent consistency betweeGD
data from two spectral ranges mentioned above.@icalculated by Eq. (2) is also presented in E{g) and it is
seen that it exhibits a close to constant waveltedgpendence. Additionally, the GD and GDD caladdtom
phase data, which was obtained by spatial-spanteaferometry with a coherent, nonlinearly-broagpulsed
laser source, are presented. The interferometeringbese measurements includes 24 passes oramules
mirrors, resulting in a measurement precision aiatb mrad.

Fig. 2(b) represents a comparison of the experiaiemid theoretical GDD spectral dependencies of the
produced DMs. The values of the pair GDD shown feeg curve in Fig. 2(b) do not exceed ) tise theoretical
values of the pair GDD are in the range of 8-f@Fig. 2(b)). Simulations using the experimentabdstiow that the
produced mirrors allow the enhancement of 22-fsgmbt a cavity finesse of about 300. In the degbsition
runs, the slight shift of the spectral charactessbf DM-Plusto the shorter wavelengths will be taken into acto
and performance of the complementary pair of DMlve improved.

4. Conclusions

In conclusion, the problem of design, productiod eharacterization of ultra-broadband, high-refigtt
dispersive mirrors for enhancement cavities has lseasidered. The novelty of the approach is uaing
complementary pair design which can, in principievide an unparalleled wide bandwidth for enharengavity
mirrors, supporting circulating pulses of 15 fsation. This approach is extremely challenging, simirror pairs
need to exactly match each other. Careful chaiaatern of the results is required in order to awhkiacceptable
results. The authors believe that including fee@baformation obtained with the characterizatiochieiques
described here in the design and production presaessnstitutes a viable route towards high-perfocaanirrors
for enhancement cavities supporting few-cycle milse
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