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22 TIME-RESOLVED NON-LINEAR MID-INFRARED 

SPECTROSCOPY Y 

Thee non-linear optical processes optical parametric generation and amplification 
andd difference frequency generation are used in the generation of short mid-
infraredinfrared pulses. A general overview of a laser system to generate femtosecond 
mid-infraredd pulses illustrates the non-linear optical processes and components 
involvedd in generating these "ultrashort" pulses. These pulses can he used in 
time-resolvedd non-linear infrared spectroscopy. One such a technique, vibrational 
pump-probee spectroscopy, is discussed here. 

2.11 MID- INFRARED PULSE GENERATION 

2.i.II  PARAMETRIC GENERATION AND AMPLIFICATIO N 

Too perform time-resolved mid-infrared experiments with (sub-)picosecond t ime resolution, 

onee needs tunable, short, and intense mid-infrared laser pulses. There are few lasers that 

emitt in the wavelength region I - I O fim, therefore usually difference-frequency generation 

(DFG)) and optical parametric generation and amplification (OPG/OPA) are used to generate 

mid-infraredd pulses from the output of lasers that emit in the visible or near-infrared. 

Thee description of parametric amplification can be done in a completely classical way 

usingg Maxwell's equations. It can be shown190 that if no saturation effects or p u mp de-

pletionn occur, the amplitudes of idler (and signal) grow exponentially in the (collinear) 

propagationn direction z: 

( ^ ( z ) ] 22 oc ^ ( o ^ V ^ , (2.1) 

with h 

g=g=xx/g^-(AkY,/g^-(AkY, (2.2) 

where e 
ur.ur-,ur.ur-, / , , , \2 

£00 = ^ 7 fe £ ," U.3) 

and d 

AkAk = k , - k z - k l . (2.4) 

Inn Equation (2.3), c is the velocity of light, UJ, the idler frequency, u>, the signal frequency, 

EE}}  the electric field at the pump frequency a/,, and ^ ( ^ the effective second-order suscepti-

bility . . 

Att low pump intensities, such that g  ̂ < (Ak)1, the gain g is purely imaginary. In that 

case,, the parametric interaction does not lead to amplification of signal and idler but to a 

changee of phase.'6 The gain is maximal when Ak = o, i.e. when there is no phase-mismatch 

andd g — g0. It is also clear that the gain can still be appreciably high when Ak is nonzero 

andd the intensity of the pump is sufficiently high. Hence, an increase of intensity of the 

19 9 
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pumpp will lead to an increased spectral bandwidth of signal and idler. The bandwidth Au> 
off  the generated signal and idler pulses is given by 

with h 

__ Udk \ (dkA 1 

andd / the length of the crystal. For a more comprehensive treatment of the case with A£ ^ o 
seee Reference 9. 

Fromm Equation (2.3) one other aspect transpires; at degeneracy (w, — a;,) the gain 
factorr g0 is maximal, and decreases for signal and idler frequencies away from degeneracy, 
ass the product u>lu;1 decreases. From Equation (2.5) it is also clear that the bandwidth 
decreasess when signal and idler are tuned away from degeneracy, as the group-velocity mis-
matchh in Equation (2.6) increases. Finally, it should be noted that at higher pump energies, 
thee pump will get depleted and therefore Equations (2.1), (2.2), (2.3), and (2.5) will no 
longerr be valid. Signal and idler will then no longer increase exponentially over the length 
off  the crystal and even the opposite process of OPA, sum-frequency generation, can occur. 

2.1.22 E X P E R I M E N T AL S E T - UP 

Afterr continuous-wave mid-infrared generation using OPG/OPA had already been 
demonstrated,S,'I5!! Kaiser and co-workers were one of the first to report the genera-
tionn of picosecond mid-infrared pulses with this technique and their use in pump-probe 
experiments,, see References 73, 137, 138, 139, 140, and 188. They used picosecond pulses at 
10588 nm from a neodymium:glass (Nd:glass) laser as pump pulses for OPG/OPA in lithium 
niobatee (LiNbOJ crystals. Later, neodymium:yttrium-aluminium-garnet (Nd:Y,Al,0,, or 
Nd:YAG)) lasers became more popular because of their higher pulse energies and repetition 
rates.. A set-up based on this principle is used in Chapter 5 of this thesis, where the output 
off  a Nd:YAG laser is used to generate picosecond pulses with a wavelength around 3 fim 
throughh OPG/OPA in LiNbO, crystals. 

Thee development of titaniumrsapphire (Ti:Al 20,) lasers with Kerr-Iens mode locking193 

providedd pump-lasers with femtosecond pulses which could be used to generate mid-
infraredd pulses of a few hundred fs. The experimental set-ups that are used in Chapters 3 
andd 4 are based on a laser system with titanium:sapphire as the active medium. In order 
too give an idea of the non-linear optical processes and components involved in generating 
thesee "ultrashort" mid-infrared pulses, a general overview of such a system is given here. 
Thee details on the different experimental set-ups used in the experiments in this thesis can 
bee found in the relevant chapters. 

Thee set-up consists of a commercial Ti:sapphire laser system, composed of an oscillator 
andd an amplifier, which delivers pulses with a duration of around too fs, a wavelength 
aroundd 800 nm, and an energy of 1-3 mj. The repetition rate such the system often is 
11 kHz. Part of the pulse energy is used to pump a commercial multi-pass OPG/OPA stage 
basedd on a/^-barium borate (/^-BaB^Ĉ  or BBO) crystal. In this OPG/OPA stage, part of the 
energyy is converted to tunable mid-infrared pulses {signal and idler). The wavelength of 
thee idler pulses is tunable between 1600 and 2600 nm. 
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FIGURKK 2.i. Generation of femtosecond pulses with a wavelength around 4000 nm for time-resolved 
non-linearr spectroscopy. Legend: BBO, KNbO,: crystals; R800, Riooo: dielectric 800 nm, 1000 nm 
mirrors;; BD: beam dump; OPG/OPA: three-pass oprical parametric generation and amplification stage 
basedd on BBO. 
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FIGUREE 2.2. Typical cross correlation trace (a) and spectrum (b) of the laser pulses generated with the 
set-upp that is described in §2.1.2. The solid lines are Gaussians with a FWHM of (a) 908 fs [correspond-
ingg to a pulse duration of 642 fs (FWHM)] and (b) 29 cm ', respectively. 

Inn order to generate pulses with a wavelength around 3-4 / /m, the idler pulses with a 

wavelengthh around 2 fim are first frequency-doubled in a second BBO crystal. Then, the 

resultingg 1 fim light is combined with the remaining part of the 800 nm light in another 

crystal,, usually potassium niobate (KNbO,) or L iNbO,, to generate the 3-4 fim pulses in a 

differencee frequency generation (DFG) process. In this last conversion step, a non-coll inear 

geometryy can be used to spatially separate the 3-4 fim beam from the 800 nm and 1 fim 

beams.. By tuning the wavelength of the seed pulse and by changing the phase-match angle 

off  the DFG-crystal, the wavelength of the mid-infrared pulses can be tuned continuously. 

Thiss final pulse has a typical energy of ~ 20 fi],  a bandwidth of 60 nm (37 c m- ' ) , and 

aa durat ion of ~ 6 oo fs full width at half maximum ( F W H M ), see Figure 2.2. The pulse 

durationn is determined by measuring the autocorrelation signal of the pulse via second 

harmonicc generation (SHG). 
pulse e 
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2.22 VIBRATIONA L PUMP-PROBE SPECTROSCOPY 

Inn a pump-probe experiment an excitation is created in a sample by one pulse (the pump) 
andd probed by a second pulse (the probe). By varying the delay between the pump and 
probee pulses, the evolution of the excitation can be followed in time. This of course re-
quiress the pulses to be at least shorter than the decay of the excitation one wants to monitor. 
Ann example of an early pump-probe experiment is a Nuclear Magnetic Resonance (NMR) 
experimentt by Bloembergen in 1948.,0 In this experiment, nuclear spins were excited by 
ann electromagnetic pulse from a radio-transmitter with a duration of a few seconds. As 
thee lifetimes were in the order of seconds, the decay could be monitored by eye on an 
oscilloscope.. The lifetimes T, of excited vibrations in liquids lie in the (sub-)picosecond 
range.. Therefore, the generation of mid-infrared pulses with a pulse duration of several 
picosecondss heralded the first vibrational pump-probe studies in the 1970s, measuring vi-
brationall  lifetimes in condensed phases.'r-,,y'I4° Since then, pump-probe spectroscopy has 
beenn a widely used technique, and has helped to gain knowledge of the vibrational dy-
namicss of vibrations of many different molecules. With the possibility of generating mid-
infraredd pulses of around 100 fs (— 0.1 ps) nowadays, even faster relaxation processes can be 
monitored.. Many vibrational pump-probe studies have been published on e.g. the O-H 
strerch/10'7-^1'16-10^""  the O -D stretch,1*2-1* ' the C-H stretch,'*-1^''10-" and the C-O 
stretchh vibrations.22'"' I°2'Io::''I,i; '148 

Generally,, in a vibrational pump-probe experiment, a pump pulse excites a vibration of 
aa significant fraction of the molecules in a sample. This excitation causes a decrease in the 
absorbancee of the sample, as there are now less molecules in the vibrational ground state 
thatt can absorb radiation at the v — o —y v — 1 transition frequency. In addition, there 
wil ll  be a contribution due to stimulated emission corresponding to the v = 1 —> v = o 
transition.. The transmittance change is measured with a weaker probe pulse that passes 
throughh the sample after a variable delay t. The transmittance change is only observable if 
thee anharmonicity constant x is non-zero, so that the v — 1 —> v = 2 transition frequency 
iss shifted to a different frequency (see Section 1.3) J 

AA thin sample with a concentration of p absorbers per unit surface, each capable of 
absorbingg one photon at the resonance frequency w, has a transmittance 

TT00 = e-™*, (2.7) 

wheree a is the absorption cross section of an individual absorber and j 0 is a geometrical 
factorr that takes into account that linearly polarised light preferably excites absorbers with 
theirr transition dipole moment aligned parallel to the axis of polarisation. The absorbers 
aree diatomic molecules or the subunits of polyatomic molecules, involved in the considered 
vibration,, e.g. the C -H group in the C-H stretch vibration of bromoform (CHBr3). If the 
pumpp pulse at resonance frequency u> excites a fraction/ ,̂ absorbers per unit surface, the 
samplee will temporarily have an altered transmittance Te depending on the polarisation € 
off  the probe pulse 

Thee factor 2 arises from the fact that the transmittance increase not only results from the 
groundd state depletion but also from the stimulated emission out of the excited state. A 

THorr example, the C-H bend vibration in bromoform probably only has a very small anharmonicitv, as in 
pump-probee experiments hardly any absorption change was observed.40 
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quanti tyy used to express this pump- induced transmittance change is the absorbance change 

Act,, = In ( -  ̂ J . (2.9) 

Whenn describing the evolution of Equation (2.9) in t ime, two processes have to be taken 

intoo account, populat ion relaxation of the excited state and change in the anisotropy of 

thee excited state population and of the ground state depletion due to reorientation of the 

molecules.900 In the experiments described in this thesis, reorientation did not play a sig-

nificantt role. In Chapters 3 and 4, the angle between polarisations of pump and probe 

wass the magic angle of a r c t a n f )̂ ss 54.70, where (the decay of) the anisotropy does not 

influencee the observed evolution in time of the transmittance change. 'i 6 , I 4 4' i 0~ In Chap-

terr 5, the reorientation time was fast enough on the timescale of the experiment that the 

excitationn could be considered isotropic.90 In Chapter 6, the reorientation time was slow 

enoughh on the timescale of the experiment, that the contr ibut ion of the anisotropy decay 

wass very small. Hence, j e can be considered t ime-independent in these experiments and 

thee geometrical factors j e and j 0 can be included in a scaling factor when describing the 

data.. Therefore, in the description below, the subscript e is dropped. For a description that 

includess reorientation, see References 90 and 161. As the excited-state populat ion decays to 

thee ground state, described by a function £(/), the absorbance change at a t ime t after the 

pumpp pulse wil l be 

\a{t)\a{t) = -ifc pa$,{t). (2.10) 

Iff  the studied vibration can be described as an exponentially decaying two-level system, 

£U)) — Q(t)c~''!', with Q{t) the Heaviside function and T, the lifetime of the excited state, 

mentionedd in Section 1.3. 

Inn the description until now, any frequency dependence has been neglected. As was 

seenn in Section 1.3, in reality there is a distr ibution of transition frequencies, especially in 

condensedd phases. Let f\.{uj,t) describe the fraction of excited molecules as a function of 

UJUJ and let cr{u) be the cross section of an absorber at frequency u. The fraction Je(u>,t) 

wil ll  be frequency independent if the absorption line is homogeneously broadened and wil l 

havee the form of the spectrum of the pump pulse if the absorption line is inhomogenously 

broadended.. If there is spectral diffusion, ƒ.(a», t) wil l be time dependent. The equivalents 

off  Equations (2.7) and (2.10) can then be written as 

a 0 MM = l n ( 7 ; M ) = pa{ui), (2.11) 

A a ( w , f )) = -xfi.{uj,t)pa{uj)({t). (2.12) 

Equationn (2.12) describes the transient spectrum. In this thesis and elsewhere, A a ( w , /) is 

oftenn either shown as a function of delay t between pump and probe at fixed pump and 

probee frequencies, generally called a delay-scan; or as a function of pump and/or probe 

frequencyy at a certain delay t, which is generally called a transient spectrum. For a detailed 

descriptionn of pump-probe spectroscopy see References 71, 158, 198, and 205. 

AA typical pump-probe set-up is shown in Figure 2.3. Two mid-infrared pulses are tised, 

ann intense pump pulse that excites a significant fraction of the molecules and a weaker 

probee pulse that monitors the induced transmission change and thereby the decay of the 

excitation.. The pump pulses can be delayed with respect to the probe pulses by varying the 
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FIGUREE 2.3. Typical set-up for pump-probe experiments 

pathh length by means of a delay stage. The p u mp and probe beams are focused into a sample 

byy a calcium fluoride (CaF,) or barium fluoride (BaF,) lens. To exclude reorientational 

effectss of the molecules dur ing the monitoring of the decay, the polarisation of the probe 

beamm can be rotated over the magic angle (54.70) with respect to the pump polarisation 

byy means of a zero-order A/2-plate. Part of the probe pulse is split off and measured as 

aa reference to account for the pulse-to-pulse intensity fluctuations. The intensity of the 

transmit tedd probe pulses and of the reference pulses are measured by lead-selenide (PbSe) 

orr mercury-cadmium-tel lur ide (MCT) detectors. In the set-ups used in Chapters 3, 4, and 5, 

aa chopper blocks every other p u mp pulse to enable a measurement of the intensities of the 

probee and reference pulses wi thout the effect of the p u mp pulse on the sample. 

T hee intensity of the probe pulse Ip is measured after the sample at a delay t after 

thee p u mp pulse. T he intensity / r of the reference pulse is measured by a second detec-

tor.. T he intensities 1° and 1° of the probe and reference are also measured in absence of 

thee p u mp pulse. Note that usually the intensities are measured with a single detector, i.e. 

nott frequency-resolved, and thus one integrates over the spectrum of the pulses. The ab-

sorbancee change 

Aa(w,t)Aa(w,t) = 
UUJ) UUJ) 

(2.13) ) 

iss thus measured as a function of delay between pump and probe pulses. To correct for 

excessivee noise in A a for pulses with low intensity due to influences that do not scale with 

intensity,, a special data acquisition procedure is used. In stead of mere averaging of the 

detectorr tesponses, A a is calculated from T and T0 that result from a linear least-squares 

fitfit  of /p : / = TIrj and 1°  = T0I°  to the data. T he subscript j indicates the individual 

pulses.. A more detailed description of this data acquisition procedure can be found in 

Referencess 161 and 162. 


