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We discuss the applications of short mid-infrared pulses for time resolved spectroscopic
measurements in several di�erent areas. A review of the techniques used to generate mid-
infrared pulses is presented. Recent results are described on mid-infrared pulse generation
using a two color mode- locked Ti:sapphire laser. The infrared pulses are tuned from 7.5 to
12.5 �m and have duration of 500 fs.

I. Introduction

Most of the early investigation of ultrafast phenom-

ena was restricted to the visible spectral region, due

to the limited number of available laser sources. Re-

cently there has been a progressive increase in the spec-

tral range of the short pulses generated. In particular,

experimental systems based on ultrashort mid-infrared

(mid-IR) pulses have proved to be powerful tools to in-

vestigate fundamental processes in many di�erent ma-

terials.

Mid-IR pulses have been used to study carrier dy-

namics in semiconductors. Experiments of visible pump

and mid-IR probe have been used to study photogen-

erated carrier dynamics in semiconductors. Mid-IR

pulses can probe the carriers far from the surface, since

most of the semiconductors are transparent to mid-

infrared radiation. Additionally, information on the

spatial pro�le of the carriers can be obtained from the

infrared reectivity[1].

Picosecond pulses at 4.83 �m were used to study

the dynamics of photogenerated carriers in InP:Fe[2].

Intervalley scattering dynamics in GaAs have also been

studied by using UV pump and mid-IR probe[3] . Pi-

cosecond pulses with wavelengths ranging from 5 to 10

,um were utilized to measure free carrier absorption

coe�cient in InAs and GaAs[4]. This experiment al-

lowed to investigate hot LO-phonon thermalization in

polar semiconductors. Mid-IR pulses are essential tools

to investigate intervalence band transitions in semicon-

ductors. Femtosecond pulses from 2.7 to 5.0 �m were

used to performmeasurements of hole dynamics in bulk

Ge[5]. An experiment of mid-IR pump and visible probe

was used to investigate hole capture by shallow accep-

tors in p-type GaAs[6]. Still in bulk semiconductors,

mid-IR pulses were used in pump and probe experi-

ments in narrow gap semiconductors, such as PbSe[7]

and Hg1�xCdxTe[8].

In quantum wells, intersubband transitions were

investigated using ultrafast mid-IR pulses[9�10]. The

transitions between two bound states in a quantum

well were �rst observed in the conduction band[11] and,

more recently, in the valence band[12]. The intersub-

band transition times can be measured by visible pump

and mid-IR probe[10] or both pump and probe in the

mid-IR wavelengths[9], being the choice of the pump

wavelength related to the doping level of the samples.

Mid-infrared pulses are required in some technologi-

cal applications, such as, to characterize optoelectronic

devices designed for these frequencies. The pulses were

used to measure the response time of fast infrared de-

tectors based on intersubband transitions in quantum

wells[13;14].

In photochemistry, multiphoton spectroscopy is



526 M.R.X. Barros et al.

only possible due the existence of mid-IR radiation,

since this process requires the absorption of many pho-

tons (typically 10- 40)[15]. There are many questions

related to the molecular kinetics during a multiphoton

excitation that can be addressed using ultrashort mid-

IR pulses.

Another application of mid-IR pulses is to investi-

gate vibrational states of molecules adsorbed on sur-

faces. Visible pump and mid-IR probe were used to

study surface vibrational energy relaxation of CO on

Cu[16].

Mid-IR spectroscopy has many applications in bio-

chemistry. Ultrafast pulses were used to study dy-

namics of ligand motion in hemoglobin[17;18] and in

myoglobin[19] by measuring vibrational relaxation of

the CO or O2 molecules.

II. Techniques for ultrashort mid-infrared pulse

generation

Several di�erent techniques have been used to ob-

tain mid-infrared pulses. These techniques include

color center lasers, optical parametric oscillators, semi-

conductor switching, and di�erence frequency mixing.

Passive mode-locking in color center lasers have al-

lowed to produce short pulses at wavelengths up to 2.9

�m [20-22] and optical parametric oscillators (OPO),

pulses at wavelengths up to 3.65 �m. [23 24] Both tech-

niques provide high average power and high repetition

rate pulses.

Mid-infrared pulses have also been generated by

semiconductor switching[25�27]. In this technique, a

semiconductor is illuminated simultaneously by ampli-

�ed visible pulses and CO2 laser pulses at 10.6 �m.

The high power visible pulses create a dense free car-

rier plasma that reects the mid-infrared light. A com-

bination of two CdTe switches allowed to generate 130

fs pulses at 100 HZ.[26] Recently 1 ps pulses were ob-

tained using a single GaAs switch[27].

The di�erence frequency mixing approach requires

sources of two frequencies. This can be obtained with

several systems, such as a high power ampli�er based

system, two synchronously mode-locked lasers, a CW

and a pulsed laser, or an optical parametric oscillator.

In the ampli�er based system, the pulses are used to

generate a continuum, and di�erence frequency mixing

is then performed between the ampli�ed pulses from

the laser and a selected range of the continuum[28;29].

A similar technique involves the use of a traveling wave

dye cell[30;31]. With ampli�er based systems one can

obtain tunable infrared pulses with high pulse energies

and repetition rates in the range of several kHz.

Another technique consists in mixing the pulses

from two separate lasers, being one syncronously

pumped by the second harmonic of the other[32]. This

has yielded picosecond pulses tunable from 3.4 to 7.0

�m at a repetition rate of 76 MHz with an average

power of 15 �W. It is also possible to mix short pulses

with light from a CW laser. Pulses at 2.6 to 4 �m were

obtained by mixing the frequencies from a Nd:YAG and

a color center lasers, in a KNbO3 crystal[33]. The pulse

duration was 6 ps and the average power was 1.5 mW.

The last technique consists in mixing the signal and

the idler pulses from a Ti:Sapphire pumped OPO cav-

ity. The mid-infrared pulses generated using this tech-

nique have wavelength ranging from 2.6 to 5.0 ?m and

a repetition rate of 80 MHz[34].

The propagation of mid-IR pulses through atmo-

spheric air causes distortions due to absorption by CO2

and H2O molecules. Even if the detuning from the res-

onances is large enough to prevent the beam energy

from being absorved, the dispersion due to these reso-

nances can seriously distort the pulses[35]. The absorp-

tion spectrum of 40 cm of air is shown in Fig. 1. In

the range from 2.5 to 13 �m, atmospheric air has three

sets of absorption lines. H2O molecules absorb around

2.7 �m and from 5 to 7.5 �m. The line around 4.25 �m

is due to CO2 absorption. In order to avoid these dis-

tortions, one has to place the mid-IR system in a ow

box �lled with dry nitrogen.

Figure 1. Absorption spectrum of air in the wavelength

range from 2.5 to 13 �m.

III. Mid-infrared pulses generated from a two

color Ti:sapphire laser

Ultrafast mid-IR pulses are generated by di�erence
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frequency mixing of the frequencies from a two color

femtosecond mode-locked Ti:sapphire laser[36].

The two color Ti:sapphire laser is tuned to generate

synchronous pulses with center wavelengths of 780 and

840 nm. The pulse durations are 60 fs. The experi-

mental setup used to perform the di�erence frequency

mixing between the collinear pulses from the two color

laser is showed in Fig. 2. The setup allows for inde-

pendent compensation of the group velocity dispersion

at the two wavelengths, as well as for the adjustment

of the temporal overlap between the two pulses.

Figure 2. Experimental system used to generate mid-IR

pulses from a two color Ti:sapphire laser.

Both beams are focused on a 1.0 mm thick AgGaS2

crystal cut at 39� with respect to the optical axis.

The mixing is performed using type I phase-matching

(e = o+ o; for !SW = !LW +!IR). The average power

of each of the near infrared beams, just before the mix-

ing crystal, is 60 mW. The average power obtained at a

wavelength of 10 �m is 5 �W, measured using a liquid

nitrogen cooled HgCdTe detector. A germanium �lter

is used to block the near infrared beam. The repetition

rate of the mid-IR pulses is 82 MHz.

The tuning curve obtained by rotating the AgGaS2

crystal, for a �xed separation of 60 nm between the cen-

ter wavelengths of the near-infrared pulses, is shown in

Fig. 3. The peak wavelength corresponds to the dif-

ference between the center frequencies of the two pulse

trains from the Ti:sapphire laser. It is also possible to

increase the tunability of the mid-IR pulses by tuning

the separation between the two wavelengths from the

laser.

Figure 3. Tuning curve of the mid-IR pulses, obtained by

tuning the AgGaS2 crystal.

The tuning range of the center wavelength of the

mid-IR pulses is 7.5 to 12.5 �m (165 to 99 meV or, in

wavenumbers, 1,333 to 800 cm�1), as the angle between

the input beam and the normal to the crystal surface is

varied from 25� to 3�. This corresponds to internal an-

gles between 49� and 40.2�, as shown in Fig. 4. In this

�gure, the dots represent experimental data and the

smooth line was calculated using Sellmeia equations.

Figure 4. AgGaS2 crystal internal angle versus wavelengths

obtained in the mid-IR generation.

IV. Pulsewidth measurement

The pulsewidth of the mid-IR pulse is obtained by a

cross-correlation of the mid-IR pulse and the pulse cen-

tered at 780 nm from the two color laser. For this ex-

periment, the mirror M1, shown in Fig. 2, was replaced

by a 50% beam splitter. The transmitted fraction of the

780 nm beam traverses a delay line and is mixed with

the mid-IR pulses in a second AgGaS2 crystal. This

crystal is cut at 45� and is 1.0 mm thick. Collinear

con�guration is used. The upconverted light is detected
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using a GaAs cathode photo- multiplier tube and the

signal is integrated using a lock-in ampli�er. The up-

converted pulses have a center wavelength near 730 nm.

Stray light from the 780 nm beam is rejected from the

detector by means of two interference �lters centered

at 730 nm. The beam at 780 nm is also �ltered with a

low pass �lter, immediately prior to the upconversion

crystal, so as to eliminate any radiation centered at 730

nm coming directly from the laser. The upconversion

is performed using type I phase-matching.

Figure 5. Spectrum and temporal pro�le of a pulse centered

at the wavelength of 11.4�m. The spectral width is 684 nm

and the pulse duration is 500 fs.

The cross-correlation pro�le obtained for � = 11.4

�m is shown in Fig. 5. The full width at half maximum

of the cross correlation curve is 508 fs. Before the sum

frequency mixing, the pulse at 780 nm traverses a beam

splitter, a quarter-wave-plate, a low pass �lter and a

lens. Due to dispersion introduced by these elements,

the pulse at 780 nm has a duration of 95 fs. Deconvolv-

ing the 95 fs duration of the near infrared pulses from

the cross-correlation width yields a full width at half

maximum of 500 fs for the intensity pro�le of the mid-

IR pulses. The time-bandwidth product �t�� is near

to 0.7, which corresponds to 1.6 the transform limit for

Gaussian pulses.

The �nite thickness of the nonlinear crystal limits

the minimum pulse duration achievable in the di�er-

ence frequency mixing process. This happens because

there is a temporal walk o� between the near infrared

and mid infrared pulses, as they traverse the AgGaS2

crystal. This walk o� arises from the fact that the near

infrared pulses and the mid-infrared pulse travel at dif-

ferent speeds in the material medium. For instance,

the group velocity mismatch between the wavelengths

of 840 nm and 10�m, through 1 mm of AgGaS2, is

400 fs. This e�ect prevents one from obtaining trans-

form limited pulses, since the infrared radiation is going

to be generated over a wide temporal range. Another

reason why the pulse duration depends on the crystal

thickness is related to the fact that the phase matching

condition is valid for a limited range of the infrared fre-

quencies. This means that, for a given crystal thickness

and angle, only a limited width of spectrum is in phase

matching condition. This limitation has the same e�ect

as a �lter on the mid-infrared generation.

In conclusion, we presented a review of the applica-

tions of mid-IR pulses and the techniques used to gen-

erated ultrafast mid-IR pulses. We have reported the

generation of wavelength tunable mid-infrared pulses

by di�erence frequency mixing between pulses from a

single cavity laser source. This is the �rst source of

femtosecond pulses at high repetition rate in the 7.5

to 12.5 �m range. Higher peak powers can be obtained

by amplifying the two color pulses from the Ti:sapphire

laser in a multipass ampli�er[37;38], before doing the dif-

ference frequency mixing.
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