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Abstract: We use an acousto-optic pulse shaper to directly control the
phase and amplitude of femtosecond laser pulses in the deep ultraviolet
(∼ 260 nm). The efficiency of the pulse shaper is 21% and the output pulse
energy is 2.8μ J. We are currently using these pulses in molecular coherent
control experiments.
© 2007 Optical Society of America
OCIS codes: (320.5540) Pulse shaping; (140.7090) Ultrafast lasers.

References and links
1. A. M. Weiner, “Femtosecond optical pulse shaping and processing,” Prog. Quantum Electron. 19, 161–237
(1995). URL http://www.sciencedirect.com/science/journal/00796727.
2. M. A. Dugan, J. X. Tull, and W. S. Warren, “High resolution acousto-optic shaping of unamplified and amplified femtosecond laser pulses,” J. Opt. Soc. Am. B 14, 2348–2358 (1997). URL
http://www.opticsinfobase.org/abstract.cfm?URI=josab-14-9-2348 .
3. T. Brixner and G. Gerber, “Femtosecond polarization pulse shaping,” Opt. Lett. 26, 557–559 (2001). URL
http://www.opticsinfobase.org/abstract.cfm?URI=ol-26-8-557.
4. R. S. Judson and H. Rabitz, “Teaching Lasers to Control Molecules,” Phys. Rev. Lett. 68, 1500–1503 (1992).
URL http://link.aps.org/abstract/PRL/v68/p1500.
5. M. Dantus and V. V. Lozovoy, “Experimental Coherent Laser Control of Physicochemical Processes,” Chem.
Rev. 104, 1813–1859 (2004). URL http://pubs.acs.org/journals/chreay/index.html.
6. M. Hacker, G. Stobrawa, R. Sauerbrey, T. Buckup, M. Motzkus, M. Wildenhain, and A. Gehner, “Micromirror SLM for femtosecond pulse shaping in the ultraviolet,” App. Phys. B 76, 711–714 (2003). URL
http://www.springerlink.com/link.asp?id=100502.
7. M. Roth, M. Mehendale, A. Bartelt, and H. Rabitz, “Accousto-Optic Shaping of Ultraviolet Femtosecond Pulses,”
Appl. Phys. B 80, 441–444 (2005). URL http://www.springerlink.com/link.asp?id=100502.
8. Y. Huang and A. Dogariu, “Application
of adaptive
feedback
loop for ultraviolet femtosecond pulse shaper control,” Opt. Express 14, 10,089–10,094 (2006). URL
http://www.opticsinfobase.org/abstract.cfm?URI=oe-14-21-10089.
9. S. Shimizu, Y. Nabekawa, M. Obara, and K. Midorikawa, “Spectral phase transfer for indirect phase control of sub-20-fs deep UV pulses,” Opt. Express 13, 6345–6353 (2005). URL
http://www.opticsinfobase.org/abstract.cfm?URI=oe-13-17-6345.
10. C. Schriever, S. Lochbrunner, M. Optiz, and E. Riedle, “19 fs shaped ultraviolet pulses,” Opt. Lett. 31, 543–545
(2006). URL http://www.opticsinfobase.org/abstract.cfm?URI=ol-31-4-543 .
11. R. Trebino, K. W. DeLong, D. N. Fittinghoff, J. N. Sweetser, M. A. Krumbugel, B. A. Richman, and D. J. Kane,
“Measuring ultrashort laser pulses in the time-frequency domain using frequency-resolved optical gating,” Rev.
Sci. Instrum. 68, 3277–3295 (1997). URL http://link.aip.org/link/?rsi/68/3277 .
12. M. Kawasaki, S. J. Lee, and R. Bersohn, “Photodissociation of molecular beams of methylene iodide and iodoform,” J. Chem. Phys. 62, 809–814 (1975). URL http://link.aip.org/link/JCPSA6/v62/p809.
13. S. J. Lee and R. Bersohn, “Photodissociation of a Molecule with Two Chromophores. CH2 IBr,” J. Phys. Chem.
86, 728–730 (1982). URL http://pubs.acs.org/journals/jpchax/index.html.
14. W. Fuß, W. E. Schmid, and S. A. Trushin, “Time-resolved dissociative intense-laser field ionization for probing
dynamics: Femtosecond photochemical ring opening of 1,3-cyclohexadiene,” J. Chem. Phys. 112, 8347–8362
(2000). URL http://link.aip.org/link/JCPSA6/v112/p8347 .

#79241 - $15.00 USD

(C) 2007 OSA

Received 19 January 2007; revised 22 March 2007; accepted 23 March 2007

2 April 2007 / Vol. 15, No. 7 / OPTICS EXPRESS 4385

15. G. Vogt, G. Krampert, P. Niklaus, P. Nuernberger, and G. Gerber, “Optimal Control of Photoisomerization,” Phys.
Rev. Lett. 94, 068305 (2005). URL http://link.aps.org/abstract/PRL/v94/e068305.

1. Introduction
There is substantial interest in using ultraviolet light for probing molecular chemistry on a femtosecond timescale. Optical pulse shaping (for example see [1, 2, 3]) has been used extensively
in applications that require control over broadband laser pulses. By combining pulse shapers
and feedback algorithms [4], a variety of novel control experiments have been performed [5].
Recently, pulse shaping has been extended into the ultraviolet using a micromirror SLM [6]
or a fused-silica acousto-optic modulator (FS-AOM) [7, 8], both operating at the second harmonic of a Titanium:sapphire laser (near 400 nm). Shaped, ultrashort pulses in the ultraviolet
have also been produced by transferring shaped pulses in the visible or near infrared to the
ultraviolet via non-linear frequency mixing techniques (for example, see [9, 10]). In this paper, we extend direct pulse shaping of broadband femtosecond pulses into the deep ultraviolet
(∼ 260 nm). Shaping the ultraviolet (UV) after generation allows for high-energy shaped pulses
(few microjoules), while maximizing fidelity. An advantage of working in the ultraviolet with
an acousto-optic pulse shaper is that wavelength-dependent diffraction effects are much less
important than in the infrared because the range of wavelengths required to support a given
spectral bandwidth is proportional to the central wavelength.
2. Experimental set-up
We begin with amplified femtosecond pulses from a standard Titanium:sapphire laser system,
producing pulses at 785 nm with 30 fs duration and 1 mJ of energy at a repetition rate of 1 kHz.
Approximately 700 microjoules of the light is down-collimated into a 250 micron thick BBO
crystal cut for second-harmonic generation of the fundamental, producing 175 microjoules of
light at 393 nm. Since the group velocity inside the BBO crystal is wavelength dependent, the
peak of the second harmonic pulse exits later in time that the fundamental. To compensate
for this mismatch, both the fundamental and second harmonic pulses propagate through a 1
mm thick calcite crystal (cut at θ = 41 ◦ ) oriented such that the group velocity mismatch is
reversed, allowing the 393 nm pulse to catch up to the 785 nm pulse. Finally, light at the third
harmonic (262 nm) is produced via sum-frequency-generation of the 785 nm and 393 nm light
in a 100 micron thick BBO crystal. With our current non-linear crystals and focusing geometry,
we produce 13 microjoules of light in the deep ultraviolet.
The UV light passes through a standard 4-f based pulse shaper with 3600 g/mm aluminum
gratings and 750 mm focal length dielectric mirrors. For the shaping element, we use a 20 mm
FS-AOM (Brimrose) that is computer-controlled via an arbitrary waveform generator (GaGe)
synthesizing shaped, radio-frequency waves directly at 150 MHz. This arrangement allows for
complete control over both the phase and amplitude of the laser pulses. Given the 1 GHz sample
rate of the waveform generator and the 50 MHz bandwidth of the AOM (FWHM), we are able
to specify the phase and amplitude of the wave at approximately 170 points across the AOM
aperture. With our current gratings and mirrors, the optical bandwidth does not entirely fill
the acoustic aperture, limiting us to approximately 150 independently addressable frequency
components.
Since the diffraction efficiency of the FS-AOM is quite good as these wavelengths (we
achieve 78% into first order with 2 W drive power), the output energy of the shaped 262 nm
light is 2.8 μ J. The shaper efficiency (21%) is currently limited by grating losses with the
P-polarization required for the FS-AOM. Since the gratings are relatively independent of polarization at these wavelengths, rotating the polarization between the gratings and AOM would
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only increase the shaper efficiency by approximately 25%. The pulses are measured using the
technique of self-diffraction (SD) FROG [11], where a 250 micron thick sapphire plate serves
as the non-linear optical element.
The gratings in the pulse shaper currently limit the shaping to pulses with central wavelengths
above 240nm. Replacing the gratings could extend the use of the pulse shaper to pulses with
central wavelengths as low as 200 nm, at which point the absorption of the FS-AOM becomes
a problem.
3. Results

Fig. 1. SD-FROG plots of positively-chirped (left), unshaped (center), and negativelychirped (right) ultraviolet pulses created by programming quadratic spectral phase onto
the AOM.

Figure 1 shows SD-FROG plots of positively-chirped (left), unshaped (center), and
negatively-chirped (right) pulses. The pulses are created by programming quadratic spectral
phase profiles onto the AOM. The pulse durations (FWHM) are approximately 120 fs for the
chirped pulses and 55 fs for the unshaped pulse. The bandwidth-limited duration of the pulse is
approximately 50 fs. This pulse duration is currently limited by the frequency tripling process,
as we choose non-linear crystals that provide higher pulse energies but sacrifice some bandwidth. The measured FROG traces agree well with predictions based on the phase programmed
onto the acousto-optic modulator.
As an example of a more complicated pulse that the shaper can produce, Fig. 2 plots the SDFROG of a laser pulse with a sinusoidally-modulated phase profile. This phase for this pulse
corresponds to a sine wave with approximately 0.22 oscillations per THz of bandwidth and
a depth of modulation of 2 (−1 to +1) radians. The characteristic pulse train (with an intrapulse spacing of 220 fs) produced by sinusoidal phase modulation is evident from the FROG
measurement.
We have already begun to use these shaped deep-UV pulses in molecular coherent control
experiments. The energies are sufficient to drive multiphoton dissociative ionization in several
molecules, and the pulses are therefore well suited for direct control over molecular fragmentation. We plan on using the pulses for closed-loop control over molecular photodissociation (for
example, see [12, 13, 14]) and isomerization [15].
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Fig. 2. SD-FROG plot of a pulse with sinusoidally-modulated phase.

4. Conclusion
We directly shape the phase and amplitude of femtosecond laser pulses in the deep ultraviolet
(∼ 260 nm) using a FS-AOM. The shaping technique maintains microjoule energies, allowing
the pulses to be used in molecular coherent control experiments. We gratefully acknowledge
support from the National Science Foundation under award number 0555214.
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