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Abstract. We report on a suliOfs optical parametric am- thanks to the discovery of wavelength-independent phase-
plifier in the visible, using noncollinear phase matching inmatching inf-barium borate (BBO) [10—12] when used for
B-barium borate, with a pulse compressor made exclusivelgptical parametric generation (OPG): in a noncollinear geom-
of chirped dielectric mirrors. We employ mirrors of novel etry with a suitable pump-signal angle, in fact, the phase-
design, providing negative group delay dispersion for bandmatching angle becomes nearly independent of wavelength
widths of over200 THz up to the blue-green spectral region. over a broad frequency range, thus allowing for ultrabroad
The resulting setup, compact, easy to operate and reliable, anplification bandwidths.

an ideal tool for ultrafast spectroscopy with extremely high  Using this concept, non-collinear OPAs in the visi-
time resolution. We use these pulses to observe in the time dble pumped by the second harmonic (SH) of an ampli-
main coherent oscillations in organic molecules with periodied Ti:sapphire laser were demonstrated by several groups.

as short ag6fs These systems provide amplified bandwidths in excess of
100 THzand pulse durations well belo®0 fs with wJ-level
PACS: 42.65.Re; 42.65.Yi; 42.79.Nv energy [13-19]). These OPA systems consist essentially

of three components (see Fig. 1): a white light seed gen-
eration stage, a parametric gain stage and a pulse com-
Visible light pulses with suld-0-fs duration anduJ-level en-  pressor. The most critical element is the pulse compressor,
ergy are required for several advanced ultrafast spectroscomshich must provide the required phase correction over broad
experiments, such as the study of extremely fast atomic arfiandwidths and guarantee high energy throughput. Up to
molecular dynamics, the generation of photon echoes, and

the detection of coherent oscillations [1]. Until recently, the

only available sources of such pulses have been dye lase White Light Generation

by optical fiber compression of an amplified dye laser, pulse pToTTTTTTTTT

as short a$ fs centered a620 nmwere generated [2], with , I Parametric Gain
energies of a fewnJ amplification of these pulses to the _, . preeece- ‘

wJ level in a mixture of dyes was achieved at the expens7so nm, VA! . “ f Ly Bo M,

of lengthening of the pulses 6 fs [3]. Pulses as short as 150f
13 fswith wXlevel energy were generated in the blue-greer :

region by white-light continuum amplification in a mixture of EEEEEEEEEEEEEE ' PumpBeam, """ e
dyes; a fraction of the energy of these pulses was then con NO nm, 180fs

pressed to less thd®) fs[4]. Despite their good performance,
the considerable complication and difficulty of operation :
of dye-laser-based systems prevented them from becomit

workhorses in ultrafast spectroscopy. Since the developme }\ :
of Kerr lens mode-locking, femtosecond optical parametric .
amplifiers (OPAs) in the visible have become available[5-9] @ saeeencc--- '

. . . . Chirped Mirror
These sources, despite their excellent stability and reliabi Co:lir)lpressor

ity, generated pul_ses '°”ge'f thao s b_ecause_ of the na.lr' Fig. 1. Schematic of the noncollinear OPA and the chirped mirror pulse
row _phasg-matchllng. b{:mC!WldthS obtainable in the collineagompressor. VA, variable optical density attenuatori-Sym-thick sapphire
configuration. This limitation has been recently overcomelate; M1, M», M3, spherical mirrors
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now several compressor schemes have been proposed,
cluding Brewster-cut prisms [13,14,16,17], thin-prism se-
guences [15], prism-grating [18], and prism-chirped mir-
ror [19] combinations. The presence of prisms in all theg
configurations makes the compressor more sensitive to alig%
ment, which increases the complexity of the system. go
Chirped dielectric mirrors introduce a frequency-depend g,
ent group delay (GD) by reflecting different frequency com-£
ponents of the incident radiation at different positions withiné
the multilayer structure [20, 21]. Until now chirped mirrors §
were designed to provide negative group delay dispersio
(GDD) in the near-infrared and red spectral regions, for fre.™ o %0 p_— 200
quencies Iower_thaﬁOO THz Dl_spersmn compensation using Signal wavelength (nm)
only chirped mirrors was prewoqsly demonstrated with laser 5 Ph chi . y | BBO OPA g
oscillators [22], optical parameric oscillators 23], and pulsc, % Phese-meietig cives for = noneolneey ype, 560 0P e
compressors [24, 25]. Besides enabling phase correction oVgimp, signal, and idler wavevectors, respectively
broad bandwidths, this technique has the advantage of greatly
simplifying the system design, allowing for compactness, re-
producibility, and insensitivity to misalignment, which are of tation ¢ = 32°) allows us to achieve phase matching over
paramount importance in practical applications. most of the visible range. Fortuitously, this angle is also
In this work we report on a noncollinear visible OPA sys-very close to the anglex(4°) for which spatial walkoff be-
tem with a compressor made exclusively from chirped dielectween pump and signal is compensated, thus providing high
tric mirrors, providing negative GDD over the whole visible gain. This favourable property was first discovered by Gale et
range, up t®00 THz(blue-green spectral region). These mir-al. [10—12] and exploited to build broadband optical paramet-
rors exploit a recently introduced design [26] which allowsric oscillators and OPAs.
one to achieve GD that varies nearly linearly with frequency A schematic of the experimental setup of the noncollinear
over bandwidths as broad 280 THz The resultant system is OPA used in this work is shown in Fig. 1. We start with an
compact, easy to operate and reliable and generates®sish- amplifiedTi:sapphire laser (Clark-MXR Model CPA-1) gen-
pulses in the visible spectral range: these characteristics makeating 150fs pulses at780 nm and 1-kHz repetition rate
it an ideal tool for ultrafast spectroscopy with extremely highwith energy of as much a&0uJ. The pump pulses380 nm
time resolution. wavelength,10u.J energy) are obtained by frequency doub-
The paper is organized as follows. In Sect. 1, after brieflffing a fraction of the light in al-mmthick lithium triborate
reviewing the properties of noncollinear phase matching ircrystal. Owing to group-velocity mismatch in the second-
BBO, the experimental setup of the OPA is described in deharmonic generation process, the pump pulses are slightly
tail. In Sect. 2 we address the problem of pulse compredroadened tar 180 fswhen they reach the OPA. The seed
sion and present the results obtained using different kinds gfulses are generated by focusing a fraction of IB&nm
chirped mirrors. In Sect. 3, to demonstrate the potentialitiebeam, with energy of approximate®.J, into a 1-mm-thick
of the OPA system for ultrafast spectroscopy, we report osapphire plate. By carefully controlling the energy incident
pump-probe experiments on different organic systems, featuon the plate (with the help of a variable-optical-density at-
ing the direct time domain observation of extremely shorttenuator) and the position of the plate around the focus,
period molecular vibrations. Finally, in Sect. 4 we draw thea highly stable single-filament white light continuum s gener-
conclusions and discuss the prospects for future work. ated [5-7]. The group delay of the visible portion of the white
light, measured with the technique of optical Kerr gating [14],
is small and fairly linear with frequency. To avoid the intro-
1 The noncollinear ultrabroadband OPA duction of additional chirp, we employ reflective optics to
guide the white light to the amplification stage. The tilting an-
Before discussing the OPA experimental setup, let us brieflgles of the spherical mirrors are kept as small as possible (less
review the properties of noncollinear phase matching in BBOthan4°), so that the resulting astigmatism is negligible.
In OPG the interacting beams must satisfy the energy con- Parametric gain is achieved inlamm-thick BBO crys-
servation conditiow, = ws+ w; and the momentum conser- tal, cut atd = 32°, using type | phase-matching. The crys-
vation (phase matching) conditidgy = ks+ki (p, s, and i tal length is close to the pulse-splitting length for signal
stand for pump, signal, and idler beams, respectively). Phasand pump in the wavelength range of interest; a single-
matching is usually achieved by suitably orienting the nonpass configuration is employed in order to increase the gain
linear crystal. Figure 2 shows, for type 140 — €) OPG in  bandwidth. To minimize self-focusing effects, the BBO crys-
BBO and a pump wavelength 400 nm the phase-matching tal is positioned slightly beyond the focus of the pump
angled as a function of signal wavelength. For a collinearbeam. At the crystal position, the spot size of the pump
configuration (dash-dotted line far=0° in Fig. 2)0 strongly = beam is approximatel20um, corresponding to an inten-
depends on the signal wavelength so that, for a given crysity of 120 GW/cn?; at higher intensities distortions and
tal orientation, phase matching can be achieved only ovdseam breakup are observed. The white-light seed is imaged
a narrow signal frequency range. In a noncollinear configby spherical mirroMM, in the BBO crystal, with a spot size
uration the wavelength dependence tobecomes weaker nearly matching that of the pump beam. The amplified pulses
until, for a pump-signal angle = 3.7°, a given crystal orien- have energy of approximateR.J, peak-to-peak fluctuations

ees)
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of less tharv% and maintain a TEN) beam quality. After the ter and having approximately0 fs FWHM duration. After

gain stage the amplified beam is collimated by spherical mirthe upconverting crystal, an UV monochromator allowed us

ror M3 and sent to the chirped-mirror compressor. The comto determine the relative arrival times of different frequency

pressed pulses are then directed to a balanced noncollineamponents of the pulse. The measurement (see points in

autocorrelator, employing silver mirrors and2é8um-thick  Fig. 3b) yields an overall group delay ef 500 fs between

BBO crystal. the red and the blue components of the spectrum. The experi-
As previously demonstrated, the bandwidth of the amplimental curve can be reproduced quite accurately (see solid

fied pulses strongly depends on the alignment of the BBdine in Fig. 3b) by taking into account the group delays intro-

crystal and on the pump-seed angle. When the BBO crystaluced by the sapphire plate, the BBO crystal, thram-thick

is aligned perpendicular to the pump beam and is illuminate®8K7 beam splitter used in the autocorrelator, and the path

by the pump pulse, it emits a strong off-axis parametric su¢~ 3.5 m) in air.

perfluorescence in the visible in a cone with an apex angle

of 6.4°([27, 28], see inset of Fig. 3a); this is the direction for

which group-velocity matching between signal and idler is, . . . .

guaranteed. If the pump-signal angle is carefully adjusted ta Pulse compression using chirped mirrors

match the cone apex angle and the optimum pump-seed de-

lay is set, an ultrabroad gain bandwidth, extending over mosthe ultrabroadband visible chirped mirror system (VIS-

of the visible, is observed. A typical amplified pulse spectrumCM) [29] used for these experiments was designed by a semi-

obtained under these conditions, measured with a calibratethalytical method. A simple formula permits a starting struc-

optical multichannel analyzer, is shown in Fig. 3a: it displaysture to be determined that leads to the required GD and

a FWHM of 180 THz reflectance characteristics after limited computer optimiza-
Due to the use of reflecting optics in the system and ofion. Because the bandwidth constitutes an input parameter

a thin sapphire plate, the chirp of the amplified pulses isn the procedure, the design of the ultrabroadband mirrors

relatively low. The group delay of the ultrabroadband am-becomes straightforward. The VIS-CM provides high reflec-

plified pulses was measured by upconversion wittDaam  tivity (R > 99%; see dashed line in Fig. 4a) over a range of

spectral slice of the pulse, selected with an interference filalmost200 THzand an average GDD 6£28 fs? with fluc-

tuations of+14f&. In Fig. 4a we plot as a solid line the
calculated GD vs. frequency relationship and as squares the
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Fig.3. a Amplified pulse spectrum obtained under optimum alignment
conditions. The pump-seed angle matches the apex angle of the superfluéig. 4. a Dashed(solid) line: calculated reflectance (GD) vs. frequency for
rescence cone, as shown in theet WL, white-light seed; P, pump beam; the chirped mirror design VIS-CMFull squares experimental data ob-
SF, superfluorescence ring.Points measured GD of the amplified pulses tained by white light interferometry, the absolute value of the group delay
vs. frequencysolid ling calculated GD vs. frequency being arbitrarily choserb Same asd), but for NIR-CM
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experimental data, measured with a white-light interferom
eter [30]. The differences between theoretical and experi
mental data can be attributed to imperfect knowledge of th:
coating material dispersion at short wavelengths. We believ
that these are the first chirped mirrors to provide negativi
GDD in the500-600 THzfrequency range: the mirrors used
in the research reported in [19], in fact, have negative GDLZ
only for frequencies lower thaB00 THz and for higher fre- &
quencies phase correction required the use of prisms. T2
performance of the VIS-CM was compared, in the red spec§
tral region, with that of existing mirror systems designed=
for hollow-fiber pulse compressors [25] and working in the
near-infrared spectral region (NIR-CM). The characteristict
of these mirrors, which provide an average GDD-&f0 s
from 350to 500 THz are shown in Fig. 4b.

The GD required from the compressor (which is the op-
posite of the GD of the amplified pulses) is shown Fig. 5

as a solid line: we can see that, over the full gain bandrig. 6. Ampiified pulse spectra obtained with a pump-seed angle slightly
width of the OPA, its frequency dependence notably deviatesnaller than the optimum value. Tuning is achieved by slightly tilting the
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from a linear behavior, because of third-order dispersion inBBO crystal or varying the pump-seed delay

troduced by the optical elements. The curve is however fairly
linear over bandwidths of the order 800 THz so it can be

reproduced by a sufficient number of bounces on the chirpeldetter results were obtained with the NIR-CM, and a pulse du-
mirrors. As shown in Fig. 5, good matching in the blue andration of 7.5 fs was measured after 7 bounces (dashed curve
in the red can be achieved by use of, respectively, 17 and 18 Fig. 7b). The experimental number of bounces is in good
bounces on the VIS-CM; in the red spectral range, similangreement with that expected from the theoretical GD cal-
results can be obtained with only 7 bounces on the NIReulations. The measured pulse widths are quite close to the
CM. Therefore, being unable to provide the required phastransform-limited values, indicating the high quality of the
correction over the whole pulse bandwidth, we chose to useompressor, and were easily reproducible on a day-to-day ba-
a pump-seed angle slightly smaller than the optimum, thus resis without any compressor adjustment. The chirped-mirror
ducing the amplified bandwidth: in this case, the OPA couldcompressor therefore adds reliability as well as compactness
be tuned by varying the pump-seed delay or slightly tiltingto the system and considerably simplifies its operation in real-

650

the BBO crystal. Typical red and blue-green amplified pulsevorld and ultrafast spectroscopy experiments.

spectra obtained in this configuration are shown in Fig. 6.
Experimentally, optimum compression of the blue-green
pulses (spectrum (a) of Fig. 6) was achieved with 18 bounce
on the VIS-CM: the autocorrelation (Fig. 7a) yields a FWHM
pulse duration 08.5 fs, assuming a seéfpulse shape, to be
compared with8.5 fs obtained from a Fourier transform of
the pulse spectrum. The red pulses (spectrum (b) of Fig. €
could be compressed ®5-fs duration after 14 bounces on
a VIS-CM (solid curve in Fig. 7b): in this case the transform-
limited pulse duration wa6.5 fs. For this wavelength range,
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3 Applications to ultrafast spectroscopy ' ] — ,
0.01

The system described in this work was used extensivel

for ultrafast spectroscopy measurements with extremely hig

resolution: any additional dispersion met downstream th

OPA, such as for example from cuvette windows, could be 0.0

easily compensated for by increasing the number of bounceé

on the chirped mirrors. Here, to demonstrate the potentialitie?l

of the system and the quality of the achievable data, we briefl ¢,

show some results obtained with twoeconjugated organic

materials-sexithienyl Tg) and polydiacetylene (PDA). s
Te is an important model compound for understanding

0 500 1000
Frequency (cm ~

1500

the photophysics of conjugated polymers [31] and in additior %02~

it is a promising material for molecular electronics appli- | , | .

cations [32]. InTg, like in most linear conjugated systems, 0 500 1000
the first electronic transitionn(— n* transition) is strongly Time Delay (fs)

coupled to a few normal modes of the carbon backbone, hawig. 8. Differential transmission vs. pump-probe delay for a film Tf
ing the right symmetry to induce dimerization. The directpumped by an ultrashort blue pulse. After the sample, the probe pulse
observation of these modes is highly relevant for the unders spectrally filtered using an interference filter centerg&]ﬁﬁ nm Inset
. . ; . . Fpurier transform of the oscillatory component of the signal

standing of excited state relaxation in these materials and
of their linear and nonlinear optical properties. The vibronic
spectra obtained with traditional techniques are in generglicted in the inset of Fig. 9, showing the peak of the Fourier
quite complex and their assignment presents ambiguities duensform of 300fs blocks of the signal, each shifted by
to the dramatic influence of broadening effects and the pre$0 fs as a function of time delay. To understand this result,
ence of traps and molecular defects. Vibronic coupling camve recall that the period of thes mode is short enough to
be studied directly in the time domain if the material is ex-cause sizable displacement of the polarization wave packet
cited with a light pulse sufficiently short compared with theon the excited state PES during pump excitation. It is thus
periods of the coupled vibrations. This technique, known agossible, by a second interaction with the pump field, to
impulsive coherent vibrational spectroscopy, provides uniqubring the wave packet down to the ground state, well out of
spectral and dynamical information on the optically coupledhe equilibrium position corresponding to the PES minimum.
modes. We thus generate vibrational wave packets both within the

In our experiments, polycrystallings films with an ap- ground state and the excited state PES. A possible explana-
proximate thickness ofl00 nm are resonantly excited by tion of the frequency change could be anharmonicity of the
a blue pulse and probed by a delayed and attenuated repligeound state PES associated with wavepacket relaxation. An-
of the pulse [33]. After the sample, single wavelengths of thether possibility is that ground and excited state wavepackets
broadband probe pulse are selected udibgm-bandwidth  oscillate with slightly different frequencies (with the higher
interference filters. Figure 8 shows the differential transmisfrequency corresponding to the ground state) and have dif-
sion (AT) signal vs pump-probe delay at the probe waveferent damping times. The faster damping of the lower fre-
length of 510 nm features at negative and near-zero delaygjuency motion would give rise to an apparent frequency
are due to pump-perturbed free induction decay and coheshift. In this case, a longer damping time would correspond
ent coupling [34]. For positive delays we observe a negato the ground state motion, in agreement with the previous
tive AT signal, due to photoinduced absorption originatingobservation of longer damping times of ground state os-
from the Frenkel exciton level [35]. The signal is modu-
lated by a complex oscillatory pattern, caused by the mo-
tion of the wave packet launched by the pump pulse or , : , . | .
the multidimensional excited state potential energy surfac .

(PES) [36]. The inset of Fig. 8 shows the Fourier transforir z CN qas0 - -
of the oscillatory component of the signal, after a slowly & . ' 0‘~
varying background has been subtracted. We clearly identif g K \ 1as0 { |
five modes, at frequencies; = 112cnl, w, =299cnt?, £ ; \ &

w3 =702cnm?, wy =1040cnT!, ws = 1454 cnT?, respec- ‘*‘é : 1440 “ L
tively. At other probe wavelengths, th&T signal is mod- § / L0 400 800

ulated by an oscillatory pattern due to the same five cha ' Time delay (fs)

acteristic frequencies, although with different relative inten-
sities. These data allow us to unambiguously determine fc™ ’
the first time the vibronic structure ifg; in addition, they L | N >
provide important information on the PES characteristics. At 1400 1500 1600 1700
an example we show in Fig. 9 the Fourier transforms of the
oscillatory component of the signal in Fig. 8 performed OnFig.9. Fourier transform of the oscillatory component of the signal in Fig. 8
two separate time yvmdowﬁ,—SOO fsand 500—1000 fs We. for the time windows0-500 fs (solid line) and 500-1000 fs(dashed ling
observe a clear shift of thes mode to higher frequencies theinsetshows the peak frequency 860-fs blocks of the signal as a func-
as the time delay increases. The time evolution is better deien of time delay

ourier

Frequency (cm ! )
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cillations when probing on the blue side of the absorptior
spectrum [37].

PDA is a conjugated polymer with an alternance of single
double, and triple bonds, showing large delocalization ant
smallr — z* gap. It can be used to produce very high quality
optical waveguides and is the most promising organic ma
terial for third-order nonlinear optical applications [38—40].
We performed experiments on blends of poly[1,6-bis(3
6-didhexadecyl-N-carbazolyl)-2,4-hexadiyne] (polyDCDH-
HS) and polyethylene. The sulf}fs excitation pulse was
centered ab40 nm close to the peak of ground state ab- - =
sorption. In Fig. 10 we show thaT signal, at the probe 3000 2500 2000 1500 1000
wavelength of600 nm as a function of pump-probe delay. Frequency (cm")

We observe an increased transmission, assigned to bleachirig 11. Sliding-window Fourier transform of the oscillatory component of
of the optical transition, strongly modulated by an oscilla-th€ signal in Fig. 10

tory pattern, due to coupling of the optical transition to the

C=C (frequency1500cnt?!, period 22fs) and G=C (fre-

quency 2100 cnT?, period 16 f9 vibrational modes. The physics of polydiacetylene after photoexcitation and show the
C=C stretching mode, which has a period of approximatelyotential of our spectroscopic system for investigating real-
16fs is to our knowledge the highest frequency moleculatime evolution of the geometric structure of molecules.
oscillation directly observed in the time domain.

Additional insight on the molecular evolution follow-
ing photoexcitation can be gained by performing a sliding4 Conclusion
window Fourier transform (spectrogram) of the oscillatory
component of the signal, defined as [41] We have developed a compact visible OPA system with a dis-

persive delay line using exclusively chirped mirrors. We have

F employed what we believe are the first ultrabroadband visi-
F(v, 7) =/ f(Hh(t — 1) exp(—j2zvt)dt , ble chirped mirrors, providing negative GDD up@60 THz

A (blue-green spectral region). The use of the chirped mirrors

considerably simplifies the compression stage and allows us

whereh(t) =exp(—t2/t§) is a Gaussian window function; the to generate suthd-fs pulses consistently and reliably. The
spectrogram combines temporal and spectral information angerformance and the ease of operation of this system make
allows us to follow the temporal evolution of the oscillation it an ideal tool for ultrafast spectroscopy with very high time
frequencies. A spectrogram for the data in Fig. 10 is reportetesolution. Visible light pulses allow us to resonantly excite
in Fig. 11. This analysis shows that initially the vibrationala number of materials of interest in physics, chemistry, and
spectrum is dominated by the<C mode, whereas the=€C  biology. To demonstrate the potential of the system and the
mode becomes strongly coupled to the electronic transitiofuality of the obtainable data, we have presented pump-probe
only =~ 150 fs after the excitation. This result strongly sup- experiments on conjugated organic materials. We are able to
ports the hypothesis that photoexcitation gives rise to a trardirectly observe in the time domain coherent molecular oscil-
sient butadrienic configuration (with the<C mode domin- lations with periods as short 4§ fs
ant) which is quickly followed (withirr: 150 f9 by the return The mirrors that we used for this research are designed
to a stable acetylenic configuration2C mode dominant). to correct for second-order dispersion and are able to provide
These data provide new insight into the early-time photophase correction for the amplified pulses only over band-
widths of~ 100 THz This work provides further stimulus for
the development of ultrabroadband chirped mirrors includ-
ing also third-order dispersion compensation. Such mirrors
will be able to provide the required phase correction over the
entire gain bandwidth of the OPA, which will allow us to
generate transform-limited pulses with a bandwidth spanning
most of the visible range.

0.04 T
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