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Abstract:

 The bandwidth of ultrafast pulses in the UV is limited by the finite acceptance bandwidth of the nonlinear crystals used for their generation. For fundamental laser pulses it is well established that spectral broadening can be used to overcome intrinsic bandwidth limits. We show that self-phase modulation of UV pulses in bulk materials leads to large spectral broadening and allows for a significant reduction of the pulse duration. We find that for pulse energies in the range of a few μJ, a thin crystal is favorable due to the strong dispersion in the UV and the limitations set by self-focusing. In contrast to spectral broadening in gaseous media, the self-focus has to lie outside the crystal to avoid beam break up. We focus UV pulses into a 1 mm thick CaF2 crystal. For moderately short input pulses, a shortening factor up to 2.4 is achieved: the 120 fs long third harmonic output of a Ti:sapphire amplifier is compressed down to 50 fs FWHM. For a central wavelength of 315 nm, we generate pulses as short as 14.9 fs after compression with an UV pulse shaper. In both cases the resulting beam shape is close to Gaussian and fully usable for spectroscopic experiments. We use the pulses in a collinear 2D-UV experiment and clearly resolve vibronic off-diagonal peaks of the S2 1B2u vibronic progression of pyrene.
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1. Introduction

For nonlinear optics and time resolved spectroscopic studies of atoms, molecules and biological processes there is a rising need for ultrashort light pulses in the UV and deep UV spectral domain. Straightforward frequency upconversion of short visible pulses in non-linear crystals already allows for the generation of sub-20 fs UV pulses [1] and 30 fs pulses down to 189 nm [2]. The phase-matching bandwidth can be increased by advanced angular dispersion methods leading to sub-10 fs pulses [3,4]. Other important techniques capable of generating UV pulses are four wave mixing in a gas filled hollow wave guide providing sub-10 fs pulses at 270 nm [5]. Third harmonic generation of the fundamental pulses at around 800 nm provide sub-30 fs pulses in air [6] or even 3-fs pulses in a Neon filled gas cell [7]. These techniques are characterized by a low conversion efficiency and require an elaborate experimental implementation.

Pulse shortening can also be achieved through spectral broadening of longer UV pulses typically generated by frequency up conversion. Spectral broadening can be achieved by nonlinear phase modulation of the UV pulse in an optically transparent medium. In cross phase modulation the nonlinearity is induced by an auxiliary high intensity laser pulse. To increase the interaction length, gas filled hollow waveguides are often used. With this approach cross phase modulation between the fundamental and the third harmonic of a Ti:sapphire laser amplifier allows to compress the 266 nm pulses by a factor of 2 down to 23 fs [8]. For a 35 fs Ti:sapphire laser system this process helps to further broaden the intense 266 nm pulses originating from four-wave-mixing of blue and red pulses down to a length of 8-fs [9].

Efficient spectral pulse broadening in gas-filled hollow fibers or gas cells has also been achieved by self-phase modulation (SPM). With input pulse lengths of around 100 fs, deep UV pulses with an pulse energy of several hundred μJ as short as 20 fs centered at 268 nm [10] and 25 fs centered at 248 nm [11] were obtained. This technique however needs high input UV pulse energies up to several hundred μJ due to the low nonlinearity of the gas. Such high energy pulses are typically not available in spectroscopic setups, particularly at high repetition rates, and therefore the practical use of spectral broadening in gases is limited.

Bulk materials and fibers in contrast offer medium to high nonlinearities and are suitable candidates for nonlinear phase modulation. In single-mode fibers the pulse power is typically limited to tens of nJ. Fibers are therefore best suited for high repetition laser systems [12]. Bulk materials can be operated at any input energy as the thickness of the material can be suitably adjusted so that self-focusing in the crystal is controlled and any serious beam distortion or material destruction can be avoided. Spectral broadening by SPM in bulk material has been first observed in the visible by Alfano et al. [13] and later in the UV by Hata et al. [14]. Theoretically, it was shown that in bulk material cross phase modulation should be capable of generating chirp free nearly-single cycle pulses [15]. The shortening of IR and VIS pulses by SPM in bulk materials has been realized successfully in the 1980s [16,17] and it was envisioned that this approach can be extended into the UV spectral domain [17].

In this paper we demonstrate that SPM can indeed be used to shorten UV pulses below their input Fourier limit. Taking into account the nonlinear processes of self-focusing and SPM we use simulations to find the optimal conditions for UV spectral broadening in common crystals. We then describe our experimental results on spectral broadening of UV pulses in a CaF2 plate and describe the way to achieve shorter pulses by incorporating a few supplemental parts into the setup. Compression of the pulses to nearly their Fourier limit is demonstrated by implementing an acousto-optical pulse shaper not necessary if the residual higher order chirp is of no concern.

Finally we apply the broadened UV pulses as pump and probe in a collinear two-dimensional experiment that allows us to resolve the spectral correlations of two vibrational bands of pyrene due to the enlarged spectral window of the pulses.



2. Parameter Optimization for Spectral Broadening

SPM modifies the spectral content of a laser pulse. The result of this modification is influenced by several experimental factors such as the pulse intensity, the wavelength and the nonlinear material properties. When an intense laser pulse propagates through a medium it induces a dynamic refractive index change n(t) = n0 + n2I(t) due to the third-order Kerr nonlinearity n2. This leads to self-focusing, self-steepening and SPM. In the case of SPM, n2 causes a change of the phase of the electric field in the pulse itself. For an input pulse with spatial and temporal intensity profile I(r,t), this nonlinear phase variation accumulates over the propagation direction z in a medium with thickness l according to the B integral:
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(1)




Here ω0 is the initial circular frequency, c the speed of light and r parameterizes the spatial intensity distribution perpendicular to the propagation direction. The accumulated phase shift results in a corresponding frequency shift and thus a broadening or narrowing of the pulse spectrum.

A quantification of the maximum frequency shift due to SPM is given by
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(2)




where the maximum frequency shift ∆ωmax is typically located at the maximum slope of the leading and trailing edge of the pulse intensity.
From Equations (1) and (2) one can conclude that high intensities and a long propagation distance in a material with a large positive n2 is favorable to maximize spectral broadening through SPM. However, in bulk materials the large dispersion experienced by a UV pulse has to be taken into account. This leads to a reduction of the pulse intensity and thus the accumulated phase. A further limiting factor is the nonlinear process of self-focusing. As often mentioned in the literature, if the self-focus lies within the crystal length, severe beam distortions, beam breakup [14] or ultimately filamentation occurs [10,18].

To illustrate the influence of the material's dispersion on SPM we calculated the B integral (Equation (1)) for different thicknesses of a CaF2 crystal (n2 = 1.92 × 10−16 cm2/W [19]). The results for a 25 fs long UV pulse centered at 308 nm with a pulse energy of 3μJ are shown in Figure 1. One should note, that for a given crystal thickness we optimize the beam focusing to a minimal beam waist radius w for which the self-focal length is 1.25 times the crystal length (see orange line in Figure 1). This puts the self-focus outside the crystal and ensures that beam distortions do not occur. The self-focal length for a pulse with a power P focused to a beam waist w can be calculated according to Equation (3).

Figure 1. Amount of self-phase modulation (SPM) for 25 fs, 308 nm, 3 μJ UV pulses broadened in a CaF2 crystal. Calculated B-integral at increasing levels of theory for varied crystal length. The input beam waist is set to a value for which the self-focal length is 1.25 × the crystal length.
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(3)




with ρ0 being the Rayleigh length and Pcr the critical self-focusing power threshold [20,21]. In the simulations, the change in the peak intensity due to self-focusing and self-steepening is neglected. The spatial intensity distribution is assumed to be Gaussian and the input pulses are Fourier limited. For the calculation of the B integral we integrate over the whole beam profile.


The B integral does not vary with the crystal length when no material dispersion is included in the simulation (Figure 1, dotted line) as the self-focal length is kept 1.25 times the crystal length for the different crystal thicknesses. As soon as 2nd order dispersion is considered (for a formula see, e.g., [20]), the B integral starts dropping steadily when the crystal thickness exceeds 1 mm and converges to zero for long crystals (Figure 1, dashed line). The effect is even more dramatic when the full material dispersion is introduced by using virtual femtosecond laboratory software Lab2 [22]. The resulting B integral (Figure 1, continuous line) shows a pronounced decrease even for crystals thinner than a few mm.

To find the optimal experimental conditions for a specific crystal thickness and a given minimal beam waist, we varied the input pulse energies and the type of bulk materials (Figure 2). To get direct information on the achieved broadening we calculated the compressibility factor, which is the Fourier limit of the broadened pulse spectrum after propagating through the material divided by the initial Fourier limited pulse length (25 fs for all simulations).

Figure 2. Compressibility factor (ratio between input and output Fourier limit) for a 25 fs pulse. Results for varied input energies, pulses centered at 308 nm, and a CaF2 crystal (a) and for different crystals with 266 nm pulses of 3 μJ energy (b). The input beam waist is set to a value for which the calculated self-focal length is 1.25 × the crystal length.
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Figure 2a shows, that for a fixed crystal length an increase of the input pulse energy increases the achievable compressibility factor. This behavior can be understood from Equations (1) and (3). The self-focal length scales roughly inversely with the square root of the pulse power P, while the pulse intensity is directly proportional to the power. Therefore, the compressibility factor can be estimated to roughly scale with  [image: Applsci 03 00153 i004].



In Figure 2b the simulation results for different materials are shown. The n2 values of MgF2 (1.5 × 10−16 cm2/W), fused silica (7.8 × 10−16 cm2/W) and Sapphire (6.0 × 10−16 cm2/W) at 266 nm were taken from the literature [19,23]. The simulations show that a larger n2 generally leads to an increase of the compressibility factor. However, the differing dispersion of the materials can change this general trend (see crossing of MgF2 and Sa curves in Figure 2b).

The simulations show that due to the pronounced dispersion in the UV, it is favorable to use short crystals with tight focusing. This is unlike spectral broadening in gases, where meter-long propagations are needed due to the much lower n2 values. 1 mm thick crystals lead to compressibility factors between 2 to 2.5 for Fourier limited Gaussian pulses with energies of a few μJ. The required beam waist radius lies in the order of 100 μm. These parameters are experimentally sensible.



3. Experimental Setup

A schematic of the setup, which comprises the generation, broadening and characterization of UV pulses, is shown in Figure 3. Tunable visible pulses were generated from a single-stage noncollinear parametric amplifier (NOPA) pumped by a 1-kHz Ti:Sa amplifier system (CPA 2001; Clark MXR) and optimally compressed by a pair of fused silica Brewster prisms. UV pulses with a typical pulse length of 25 fs were generated by frequency doubling or sum frequency mixing the NOPA pulses with the CPA fundamental in BBO crystals with a thickness of 53 μm. For the frequency doubling we typically obtain < 1 μJ which corresponds to an efficiency of < 15%. For the sum frequency mixing both beams were collinearly overlapped and the CPA fundamental was focused with a fused silica lens to match the focal size of the beam of the visible pulse in the BBO. Typical energies of 4 μJ are achieved with a visible to UV efficiency of 50 %.

Figure 3. Setup for the generation, compression and characterization of UV pulses spectrally broadened by SPM. PC: prism compressor; SFM (SHG): sum frequency (second harmonic) generation; FS-W: Fused silica wedges; Ap: aperture; L1, L2 lenses.
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To introduce a variable positive chirp the UV pulses pass through a set of UV antireflection coated movable fused silica wedges (apex angel 45°) with counter oriented apexes [24]. To obtain a clean and spatially symmetric beam profile, which is advantageous for SPM, we introduce an aperture accepting a minimal loss of energy. The UV beam is then focused with the f = 150 mm antireflection coated fused silica lens L1 into a few mm thick crystal which spectrally broadens the pulses due to SPM. The position of the crystal relative to the soft focus of the UV beam can be adjusted to obtain maximum broadening without impairing the spatial mode due to self-focusing inside the crystal. A second fused silica lens L2 (f = 100 mm), that can be translated along the beam axis, recollimates the spectrally broadened UV pulse. This not only accounts for the change in divergence caused by the partial self-focusing in the crystal but also adjusts the collimation of the beam such that the specific requirements for pulse shaping with an acousto-optic programmable dispersive filter (AOPDF) are met [1]. Specifically, the intermediate beam waist of the broadened UV pulse after the AOPDF has to be located one focusing length in front of the focusing element which is used to focus the beam into the interaction region, e.g., the sample.



The compression of the positively chirped broadened UV pulses is achieved by either a second UV prism compressor or a combination of a UV prism compressor and an AOPDF (DAZZLERTM model T-UV-250-400; Fastlite) [25] for higher order chirp correction. The prisms are UV antireflection coated and have an apex angle of 45°. The throughput of the UV PC is roughly 93%. In the PC-AOPDF combination the precompression with the UV PC permits a larger bandwidth of the AOPDF because the acoustic wave is less chirped and thus less elongated within the shaper crystal.

To measure the pulse lengths obtained in the simple setup where only a UV-PC is used to compress the broadened pulses, we employ a newly developed UV autocorrelator [26] based on two photon absorption in a 173 μm thick BBO crystal. To check if the higher order chirp contributions of the UV-broadened pulses can be compensated for by the PC-AOPDF combination, we characterized the spectral phase with a ZAP-SPIDER [27].



4. Results and Discussion


4.1. Experimental Characterization of Self-Phase Modulation Broadened UV Pulses

With the insights gained by the simulations, we experimentally tested the broadening of UV pulses by focusing them into a CaF2 crystal and subsequently compensate the phase of the broadened spectra. First we tuned the chirp of the input pulse and investigated the influence of the peak intensity on the SPM process. Subsequently, we varied the type and thickness of the broadening crystal.

When the UV beam is tightly focused into a crystal we observe changes in the spectral intensity distribution (see Figure 4d–f). Experimental conditions can be found that allow the generation of new frequency components due to SPM.

Figure 4. Correlation between the peak intensity and the measured output energy (a), output Fourier limit (b) and the calculated self-focal length (c) obtained by moving a 1 mm CaF2 crystal relative to the beam focus of a positively chirped pulse centered at 312 nm. Measured spectra and calculated Fourier limits of the input pulse (d) and output pulses for selected crystal positions (e, f).
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As commonly known for SPM of ultrashort laser pulses, we find that for a negatively chirped input pulse spectral narrowing occurs. For positively chirped pulses—the red components arrive before the blue ones—the output spectra are broadened [28]. Furthermore, for a specific positive chirp (measured to be about 260 fs2) spectra with a square like shape which are symmetric about the central frequency can be generated. Pulses with such spectra correspond to the maximal broadening observed in the experiment while the beam profile still has a homogeneous spatial intensity distribution. These characteristics are advantageous for applications like pump-probe spectroscopy.

A simple way to vary and optimize the beam waist for a given crystal length and type and thus precisely adjust the peak intensity while using the full pulse energy is to move the crystal with respect to the focus of the UV beam. For this experiment we chose a 1 mm CaF2 crystal which we move through the focus of a positively chirped pulse centered at 312 nm with a pulse energy of 1.96 μJ. The pulse length of the input pulse was measured by the UV-AC and found to be 63 fs. To determine the peak intensity at the entrance of the crystal we measured the size of the beam profile at the respective crystal positions with a CCD camera.

When moving the crystal towards the focus, the output energy remains constant and is equal to the input energy minus the losses due to reflection. A drop in the output energy occurs for crystal positions within ± 1 cm of the focus. This resembles the profile of a z-scan and is therefore attributed to multi-photon absorption (MPA) (Figure 4a, purple line). For every position of the crystal we measure the spectrum and calculated the Fourier limit of the output pulse (Figure 4b). The Fourier limit steadily decreases from 20.6 fs (input spectrum) down to 8 fs when the crystal is placed near the focus. In addition to the above measurements the self-focal length was determined for all respective crystal positions (see Figure 4c). The calculations were done by taking into account the convergence or divergence caused by the focusing of the beam according to ref. [29]. For crystal positions within ± 1 cm of the focus we obtain a self-focal length smaller than the crystal thickness.

When comparing the three plots in Figure 4a–c, it becomes clear, that the MPA induced drop in output power accompanied by increased shot-to-shot fluctuations occurs when the self-focus lies within the crystal. Although in this regime the Fourier limit is well below 10 fs (Figure 4f), the beam undergoes beam breakup [14] accompanied with a strong divergence after the crystal. Furthermore, it shows enhanced fluctuations both in the spatial and spectral intensity distribution. As can be seen from Figure 4b, putting the self-focus just outside the crystal still delivers a sizable spectral broadening down to a Fourier limit of 13.4 fs (Figure 4e, 1.5 cm in front of the beam focus) without undesirable beam distortions and no loss in output energy. This regime delivers broadened pulses feasible for further applications and justifies the focusing assumptions made in our previous simulations. The resulting change in beam divergence due to the moderate self-focusing is then compensated for by the recollimation lens L2.

We investigated the spectral broadening by SPM in Sapphire, CaF2, LiF2 and fused silica crystals of various thicknesses between 0.5–4 mm. For each crystal we work in the regime with optimum SPM broadening as discussed before. In accordance with our theoretical simulations we find that crystals with a higher n2 lead to broader pulses. With the smallest n2, LiF2 delivers the smallest broadening. Although sapphire has a larger n2 than CaF2, experimentally we observe slightly better broadening in CaF2. Fused silica gives similar results to CaF2. However impurities cause large beam scattering.

When trying different crystal thicknesses, we achieve larger broadening with thinner crystals as predicted by the theory. Best results are obtained for a 0.5 mm CaF2 plate with a compressibility factor of ~2. However, the required tight focusing leads to unwanted multi-photon absorption and to beam distortions caused by the progressive deterioration of the crystal. Therefore we employ 1 and 2 mm thick CaF2 disks for the compression experiments discussed below.

The experimentally achieved spectral broadening is generally about 25% less than the calculated values in section 2. We believe that this is due to the chirp of the pulses neglected in the calculations as well as the deviations of the beam profile from a Gaussian like intensity distribution, which lead to significant spatial distortions well before the self-focus length reaches the crystal length.



4.2. Compression of Self-Phase Modulated UV Pulses

The availability of sub-25 fs UV pulses generated by parametric amplification and conversion is in general limited in optic laboratories. More often the third harmonic of the Ti:sapphire system is used directly. To show that SPM can be used in such a configuration we employ the third harmonic of our CPA laser as the initial pulse. Pulses centered at 257 nm with an energy of about 1.5 μJ are spectrally broadened in a 1 mm thick CaF2 crystal (Figure 5). The pulses are subsequently compressed by a UV-PC and then measured with the UV autocorrelator. When the full spatial beam profile is used, we obtain a reduction of the initial Fourier limit of 80 fs down to 49 fs (Figure 5a). The measured autocorrelation trace (Figure 5b) shows that the Gaussian shape of the input pulse is conserved. The measured pulse length FWHM changes from 120 fs to 73 fs. When only the central part of the broadened pulses is selected by an aperture (pulse energy reduced by 30%), we obtain a much broader spectrum, as the spatial intensity is higher in the central part. The initial Fourier limit of 80 fs is shortened by nearly a factor of 3 down to 29 fs (Figure 5c). The measured pulse length is 50 fs (Figure 5d). The autocorrelation trace of the broadened pulses shows deviations from a Gaussian shape due to higher order dispersion which could be eliminated by a more sophisticated compression scheme.

Figure 5. Pulse compression of the 120 fs third harmonic of the CPA by SPM broadening in a 1 mm CaF2 crystal and chirp compensation by a prism compressor. Dotted lines: input pulses; solid lines: spectrally broadened pulses. Spectra (a, c) and autocorrelation measurements (b, d) of the complete beam profile (blue lines) and the central part of the beam profile (red lines).
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To show that the spectrally broadened pulses are compressible near to the Fourier limit, we employed an UV-PC in combination with an AOPDF to compensate for all orders of dispersion. We compressed SPM broadened pulses centered at 273 nm, generated by frequency doubling the output of the NOPA. Due to the low input energy of 0.7 μJ, we used a 2 mm thick CaF2 crystal for broadening. The recollimation lens L2 was moved in order to compensate for the SPM induced change in beam divergence while the specific collimation requirements of the AOPDF are met (see ref. [1] for details). According to the literature [17], for a Gaussian beam profile SPM can lead to different frequency chirps across the transverse beam profile related to the spatial intensity profile. Therefore an aperture was used to block the outer parts of the beam. This reduced the pulse energy by about 20%. In order to compensate the chirp of the pulse, the spectral phase was measured by a ZAP-SPIDER and the obtained phase function was then recursively used in the AOPDF to completely flatten the phase. The results are shown in Figure 6a and b together with the temporal profile. We are able to obtain a flat spectral phase and the pulse length is reduced to 19.8 fs, which is close to the Fourier limit of 19 fs.

Figure 6. Pulse compression of sub-30 fs UV pulses generated by SHG (a, b) and SFG (c, d) of visible noncollinear parametric amplifier (NOPA) pulses by SPM broadening in a 2 mm (a, b) or 1 mm (c, d) CaF2 crystal. Dotted lines: input pulses; solid lines: spectrally broadened pulses. Compression to a flat spectral and temporal phase (dashed lines) was achieved by the use of an acousto-optic pulse shaper and measured by a ZAP-SPIDER.
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For the pulses with a central wavelength at 313 nm generated by sum frequency mixing the thickness of CaF2 disk was changed to 1 mm as more energy (2.1 μJ) was available. The broadened pulses can again be compressed well below the input Fourier limit to 14.9 fs. This corresponds to a reduction of the pulse length by a factor of about 1.5 of the initial 22 fs long pulses. The energy after the PC was typically about 2 μJ and that of the compressed pulses after the shaper was about 200 nJ, which corresponds to the 10% overall efficiency of the shaper device. This is an order of magnitude higher compared to the output energies obtained previously with the AOPDF [1].



4.3. Effects of Self-Phase Modulation on the Beam Profile

To investigate the influence of SPM on the beam profile, we use the nearly perfect Gaussian shaped (M2 ~1.05) third harmonic of a Yb:KYW laser (JenLas D2.fs JenOptik GmbH) as input. Pulses with an energy of 310 nJ and a duration of 173 fs are focused with a fused silica lens (f = 50 mm) into a 3 mm thick Sapphire disk. In analogy to the experiments in section 4, the disk is moved relative to the focus along the beam propagation to change the peak intensity and thus the amount of SPM. The beam profile is measured after a second recollimation lens.

When the disk is placed in the focus, we observe strong spectral broadening but severe beam profile distortions as the self-focus lies inside the crystal (see Figure 7b,f). The ring pattern is caused by the interference of spatial variations of self-phase modulation, as explained in refs. [30,31]. Moving the crystal away from the focus significantly reduces the distortions while the spectral broadening is still respectable. Already 2 mm after the focus a symmetric beam profile is obtained with a broadening that reduces the Fourier limit from 133 fs to 31 fs (see Figure 7d,h). The outer rings in the beam profile can be cut off with an aperture and the inner part then has a beam profile that is comparable with a Gaussian beam. The analysis of the measured intensity profile (pink rings in Figure 7a–d) shows that this typically reduces the usable pulse energy to 30%.

Figure 7. Effect of SPM broadening on the beam profile and spectrum of the third harmonic (342 nm) of the Yb:KYW JenLas laser for various peak powers in a sapphire crystal. The Gaussian shaped (M2 ~1.05) input profile and spectrum are shown in (a) and (e). The crystal was placed in the focus (b, f), 1 mm (c, g) and 2 mm (d, h) behind the focus. Pink circles indicate the beam energy for various apertures given in percent of the total energy. Fourier limits are given in blue.
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5. Application: Collinear Two-Dimensional Spectroscopy on Pyrene

Two-dimensional electronic spectroscopy can be regarded as an excitation frequency resolved pump-probe experiment. The measurable excitation window is determined by the spectral bandwidth of the excitation. Pulses with a spectral width large enough to cover the transitions to a multitude of vibronic or even electronic states are therefore an essential requirement. In contrast to 2D-Vis [32,33], where a bandwidth up to 150 nm can be reached, experimental realizations in the UV are so far limited to about 5 nm [34,35,36].

We therefore introduce SPM broadened pulses in our collinear 2D-UV experiment. The central wavelength is set to 312 nm to excited the S2 1B2u←S0 electronic transition of the test molecule pyrene. We use the same experimental parameters as determined above (1 mm CaF2 and 2.5 μJ input energy) and achieve a FWHM bandwidth of 13 nm. This pulse spectrum is large enough to cover two vibronic bands of the absorption spectrum (see Figure 8c, black line).

Figure 8. SPM broadened UV pulses in collinear two-dimensional spectroscopy as pump and probe pulses. The absorptive signal resolves the pump-probe frequency correlation of the ground-state bleach of Pyrene in methanol for a population delay of 100 ps (a). The spectral intensity of the pulses (blue hashed areas) and the absorption spectrum of Pyrene (black line) are shown in the right (b) and lower side panel (c).
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The 2D experiment is carried out in a pulse shaper assisted pump-probe geometry, as described in refs. [34,37]. After the SPM stage the UV beam is compressed with a UV prism compressor and then split into a pump and a probe beam. The pump passes through the AOPDF, which is used to resolve the excitation frequency by generating phase locked double pulses and scanning their interpulse delay. Additionally the shaper compensates for the higher order chirp. Both pump and probe are focused inside a 120 μm thick flow cell as described in ref. [38]. The energy of the pump pulse in the cell is 63 nJ at a duration of the sub-pulses of 22 fs and the probe energy is about 2 nJ. After the sample cell the probe is spectrally resolved in a prism based CCD spectrometer. To increase the signal‑to‑noise ratio a fraction of the probe beam is used as a reference in a second prism based spectrometer [39].



In Figure 8a the absorptive part of the 2D-UV measurement of pyrene dissolved in methanol is shown for a pump-probe delay of 100 ps. All signals in the 2D spectrum are positive and are assigned to ground state bleach contributions of pyrene. The two diagonal peaks correspond to the two vibronic bands in the absorption spectrum. In addition, due to the large spectral bandwidth of the pump pulses, the off-diagonal peaks describing the correlation between the vibronic bands are clearly resolved for the first time.



6. Summary and Perspectives

In this work we have shown that SPM in bulk materials can be readily used to broaden the spectrum of μJ femtosecond UV pulses and to reduce the pulse length. The broadening stage is most conveniently incorporated into an optical setup by using two lenses or spherical mirrors with a slight off-axis geometry and a crystal plate and thus relies only on components present in most ultrafast spectroscopy laboratories. There is no need for a specially designed fiber or meter long gas cells.

By focusing the UV beam into the crystal the high pulse intensity leads to self-phase modulation and self-focusing. In contrast to techniques using gas filled cells [10] where self-focusing induced filamentation is a prerequisite for broadening, we find that the self-focus should be kept just outside the crystal, about 25% of the crystal thickness. This leads to broadening without serious beam distortions and to no beam break-up. Under this condition the pulse energy is nearly conserved as multi-photon absorption is minimized. It allows a maximum achievable broadening of up to a factor of three. Thin crystals with high nonlinearity in conjunction with reasonably tight focusing are found optimal as this keeps the negative influence of the strong group delay dispersion in the UV and the associated pulse lengthening to a minimum. A slight up chirp of the input pulse helps to enhance the broadening. Experimentally we find that a few millimeter thick CaF2 crystal delivers the best results in terms of broadening and transmission efficiency. Once the pulse energy and length, and the crystal thickness is known, the beam size at the plate can be determined from the well known formula for the self-focal length.

Temporal compression of the broadened pulses is done with a simple prism compressor for the regime down to about 50 fs. A compression by a factor of two to three is demonstrated. For even shorter pulses an AOPDF (DAZZLER) is added for the compensation of higher order chirp components. For pulses at 312 nm and 273 nm this allowed for a near Fourier limited compression down to 15 fs and 20 fs. If the pulses do not have to be perfectly compressed, even larger spectral broadening can be achieved.

The beam profile is quite acceptable for spectroscopic applications. The use of a circular aperture to select the central part of beam is often helpful. Still many tens of percent of the pulse energy can be utilized with the resulting new-Gaussian transversal profile.

We expect that SPM in bulk material can be employed for a large range of energies as the focusing conditions can be adapted for pulses less than a μJ to tens of μJ. Although here we only investigated the broadening of 120 and 25 fs input pulses, we envision that pulses at various pulse length can be broadened and compressed. The method likely will be best suited to situations where just an extra factor around two is needed for a successful experiment. This is, to our own experience, quite often the case.
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