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Few-cycle mid-infrared pulse generation, characterization, and coherent
propagation in optically dense media
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The generation of four- to five-cycle mid-infrared pulses using a single-stage potassium niobate
optical parametric amplifier~OPA! is demonstrated. The OPA is pumped by a gain-switched
Ti:Sapphire regenerative amplifier and is seeded with the near-infrared portion of a white light
continuum. The OPA is continuously tunable from 2700 to 4700 nm, and maintains sub-65 fs pulses
that are fully characterized using cross-correlation frequency-resolved optical gating~XFROG!.
These are the shortest near-transform-limited pulses reported over this large infrared spectral range.
This apparatus is used to measure ultrafast vibrational responses, specifically, pulse profiles
modified by the free-induction decay~FID! of O–H oscillators. Both the intensity and instantaneous
phase of these pulses are determined after traversing samples of isotopically diluted water~HDO in
D2O! using XFROG, representing a new application of the XFROG technique to the study of
~dipolar! molecular responses. Pronounced beating of the trailing edges of FID-modified pulses is
observed even below optical densities of one, and the details of these features are found to depend
on the chirp of the field used to generate the FID. These results indicate that discretion should be
used in the selection of sample conditions for nonlinear infrared spectroscopic measurements.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1480464#
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I. INTRODUCTION AND BACKGROUND

The mid-infrared~mid-IR! spectral region is one of grea
interest for ultrafast spectroscopic studies. In particular,
brational modes absorbing near 3000 nm such as O–H
N–H stretches~and their deuterated analogs in the 4000
region! provide sensitive probes of their molecular enviro
ments, especially when these modes participate in hydro
bonding. Therefore, this spectral range is significant for
derstanding vibrational dynamics in, for example, aque
systems~liquid and solid water and solutions!. The region
from 5000 to 6000 nm is also important since carbo
stretching vibrations, including the amide I band of protei
absorb in this range. These interests have led to the deve
ment of Ti:Sapphire laser-based mid-IR optical parame
oscillators ~OPOs!1–3 and optical parametric amplifier
~OPAs!,4–18 with most devices generating;100– 200 fs
pulses. However, sub-100-fs pulse durations in the 300
4000 nm region are crucial to the study of hydrogen-bon
liquids so that the fast dephasing times of hydrogen-bon
X–H~D! stretching vibrations~X5N, O! can be resolved
Therefore, a challenge in ultrafast mid-IR spectroscopy is
generation and maintenance of ultrashort pulses in this s
tral region.

Two widely used designs of parametric conversion
vices for ultrashort mid-IR pulse generation are near
seeded OPAs pumped near 800 nm and near-IR beta ba
borate~b-BaB2O4; ‘‘BBO’’ ! OPAs followed by difference
frequency mixing of the signal and idler in silver galliu

a!Author to whom all correspondence should be addressed; electronic
nfschere@uchicago.edu
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sulfide (AgGaS2). The BBO–AgGaS2 design4,5 requires
multiple stages of frequency conversion to generate the m
IR, whereas the near-IR-seeded design can generate
mid-IR in the first step. However, the most common type
near-IR-seeded OPA uses potassium titanyl phosp
~KTiOPO4; ‘‘KTP’’ ! as a nonlinear crystal and near-IR lig
from a white light continuum as the signal pulse.6–8 KTP has
a relatively small effective nonlinear coefficient, necessit
ing multiple OPA stages~by amplifying the near-IR signal in
BBO,6,7 seeding with an OPO,9,10and/or adding another KTP
crystal7,8! to attain usable mid-IR pulse energies. Furth
more, the transparency of KTP decreases significantly
wavelengths longer than 3500 nm.19 Therefore, an additiona
stage with a different crystal is necessary for studies n
4000 nm~e.g., for experiments on O–D~Ref. 20! or N–D
stretching vibrations!. While this OPA design provides a sim
pler alternative to narrow-band seeded devices,11–14 which
require cumbersome tuning of oscillator and amplifier sp
tra in order to tune the spectrum of the mid-IR idler, it wou
be preferable to use a nonlinear crystal with a larger non
ear coefficient and broader transparency range. This wo
permit the use of a thinner crystal and/or fewer OPA stag
reducing material dispersion and permitting larger pha
matched bandwidths for short mid-IR pulse generation.

The nonlinear crystal potassium niobate (KNbO3) has
shown promise as a medium for femtosecond mid
generation.1,13,15,16This isomorph of KTP~point groupmm2,
negative biaxial! has an effective nonlinear coefficient fou
times larger than KTP~see Sec. II!. Furthermore, the trans
parency range of KNbO3 allows the generation of mid-IR
il:
7 © 2002 American Institute of Physics
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pulses with spectral content beyond 4000 nm. For exam
Spenceet al. reported operation of a KNbO3 OPO at wave-
lengths as long as 5200 nm.1 KNbO3 has been used in
Ti:Sapphire oscillator-pumped OPO to generate 60–80
mid-IR pulses,1 and a narrow-band-seeded mid-IR KNbO3

OPA has produced 130–180 fs pulses.13 Still, the temporal
characteristics of mid-IR pulses in the entire 2800 to 45
nm range from continuum-seeded KNbO3 OPAs15,16 have
not been reported.

Continuum-seeded OPAs have distinct advantages
OPOs and narrow-band-seeded devices. In general, the
configuration is preferable to the oscillator-pumped OPO
nonlinear spectroscopy applications as the high-power O
pump beam can be split for use in a two-color pump–pro
experiment or for further frequency conversion. In additio
the spectrum of the output of the continuum-seeded O
design is easier to tune than the narrow-band-seeded con
ration, since a broad spectrum of seed wavelengths is a
matically present. Therefore, a continuum-seeded KNb3

OPA, coupled with effective pulse characterization and co
pression techniques, has the potential to generate ultras
mid-IR pulses in the 3000 to 4000 nm region for ultrafa
vibrational spectroscopic applications.

Advances in the development of subpicosecond mid
light sources have enabled nonlinear optical~e.g., pump–
probe and photon echo! measurements to be extended to t
infrared and most often have been used to study the dyn
ics of carbonyl and oxygen–hydrogen stretchi
vibrations.20–36 However, given the small transition dipol
moments of typical vibrational transitions compared to el
tronic transitions, nonlinear vibrational spectroscopic sign
tend to be small relative to their optical counterparts. In
dition to requiring higher energy pulses, these studies o
employ samples with optical densities~O.D.! of ;1, signifi-
cantly larger than the O.D. of 0.3 that is typical of optic
frequency ~electronic spectroscopy! measurements. Th
question then arises as to how the signal is influenced b
strongly absorbing sample, i.e., how are the pulses affe
and how does this impact the nonlinear optical responses
are measured?

The propagation of short~relative to material times-
cales!, resonant pulses through highly absorbing media
been studied in the optical37–42 and infrared43–46 regions,
most often by time-gated~frequency upconversion! detection
of pulse profiles. These studies have shown that pulse
files can undergo significant distortions arising from destr
tive interference between the initial~finite temporal duration!
pulse field and the free-induction decay~FID! field generated
from the induced linear polarization (P(1)). The phase of
P(1) is shifted 90° from that of the initial~driving! field, and
the FID field radiated byP(1) is an another 90° out of phas
with the polarization itself, giving an overall phase shift
180° between the initial pulse field and that of the FID. Th
interaction leads to a beat-like feature in the signal. In ad
tion, reabsorption of the FID can lead to the emission o
second FID, and so on, leading to additional interferen
and intensity minima in the trailing portion of the puls
profile.47 These features have been referred to
Downloaded 23 May 2002 to 128.135.233.49. Redistribution subject to 
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‘‘polariton beats’’ in the solid-state physics literature;38,41 in
this article, they will be denoted as ‘‘FID beats.’’

It has been demonstrated that the influence of pu
propagation on nonlinear spectroscopic signals must be ta
into account in order to accurately model dynamics in h
optical density samples~e.g., in optical four-wave mixing
experiments on GaAs quantum wells40 and picosecond IR
pump–probe measurements on acetic acid solution!.46

These effects become significant when the duration of
pulses is less than or on the order of the inverse bandwidt
the probed transition. Therefore, as the duration of availa
infrared pulses decreases, it is expected that these effects
become increasingly relevant to the nonlinear vibratio
spectroscopy of condensed-phase systems.

The phase changes experienced by these pulses are
of interest; ap phase shift would be expected between
tensity maxima of the modulated pulse~i.e., FID beat! pro-
file. However, additional phase distortions due to the disp
sion of the real part of the material index of refraction,
well as any chirp inherent to the pulses used to generate
polarization, may also influence the profiles. Therefore, m
surement of both the amplitude and phase of the pulse e
tric field would provide additional insight into the interac
tions between the pulse and the medium. Interferome
techniques have been widely used to determine the am
tude and phase of femtosecond linear39,40,48 and
nonlinear32,39,40,49–53spectroscopic signals. Another strate
employed a picosecond streak camera and monochromat
measure the time-dependent spectra of pulses after linea
nonlinear pulse propagation in CdS and used this joint tim
frequency information to obtain information about the pha
of the signals.42 The noninterferometric frequency-resolve
optical gating~FROG! family of techniques also provides
route to the determination of phase information on elec
fields via an iterative Fourier transform algorithm,54 but pri-
marily has been limited in its application to ultrashort pul
characterization.55 Cross-correlation FROG~XFROG!56,57 is
a natural extension of the standard upconversion techn
for measuring signal profiles and could be used to g
amplitude and phase information on signals.58–60

In this article, we demonstrate the generation and ch
acterization of ultrashort pulses in the short-wavelen
mid-IR spectral region and examine the influence of abso
tive media on their profiles. A KNbO3 OPA producing sub-
65-fs pulses with spectral content ranging from 2700 to 47
nm, covering the full range of X–H~D! stretching transitions
~X5C, N, O!, is reported. The temporal properties of the
pulses are fully characterized~to a constant phase term! us-
ing XFROG. Pulses with center wavelengths between 3
and 4600 nm contain approximately five or fewer optic
cycles, representing, to our knowledge, the shortest mid
pulses reported over this entire range.11 A preliminary ac-
count of the performance of this OPA has been reporte58

The design is similar to those described by Kafka a
Watts15 and Cussat-Blancet al.,16 but uses shorter pump
pulses~;42 fs versus 130 fs and 120 fs, respectively! and a
thinner KNbO3 crystal ~1 mm versus 5 mm and 2 mm, i
Refs. 15 and 16, respectively!. The pulses generated by th
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2229Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Few-cycle mid-infrared pulses
present OPA have durations short enough to time resolve
vibrational dephasing of the OH-stretching vibration of is
topically diluted water, a system of great interest as a mo
for pure liquid water and the subject of numerous stud
with ;150 fs to 1 ps mid-IR pulses.20–29 Therefore, an in-
vestigation of the shape of these ultrashort mid-IR pul
following propagation through samples of isotopically d
luted water was undertaken in order to observe any resha
of the pulses and determine proper sample conditions
future nonlinear mid-IR studies. Determination of both t
intensity and phase of the pulses was accomplished
XFROG measurements of the FID-modified pulses, con
tuting a new application of this pulse characterization te
nique to the study of dipolar molecular responses.58,60 Fi-
nally, prospects for further improvement of this apparatus
discussed.

II. FEMTOSECOND MID-INFRARED OPTICAL
PARAMETRIC AMPLIFIER

A. Design considerations

Selection of a proper nonlinear crystal for an OPA is o
of the key elements for successful parametric generatio
pulses with desirable properties. In the case of femtosec
OPAs, one must take into account not only the transpare
range and cut angle of the crystal, but also the accepta
bandwidth, group velocity mismatch~GVM! between pump,
signal, and idler pulse pairs, and effective second-order n
linear coefficient (deff). These characteristics are importa
for producing large bandwidth pulses~to support short dura
tions! with little material ~to reduce material dispersion an
GVM! but with adequate parametric gain.

KNbO3 is a nearly ideal candidate for femtoseco
mid-IR generation in the 2500 to 5000 nm region becaus
its extensive transparency range, broad phase matc
bandwidths, and largedeff . The phase matching curve an
GVM plots for collinear type I~signal, idler, pump polariza
tions are ooe! optical parametric amplification in thexz
plane of KNbO3 are shown in Fig. 1 as calculated61 from the
Sellmeier equations determined by Umemura a
co-workers.62 Note that the full tuning range can be achiev
by adjusting theu angle by less than 2°. Table I gives
comparison of the acceptance bandwidth,deff , and GVM of
KNbO3 and KTP at 3000 and 4000 nm. While the GVM p
millimeter for some pulse pairs is somewhat less in KTP th
KNbO3, the factor of nearly four largerdeff of KNbO3 al-
lows shorter lengths of this crystal to be used for the sa
level of gain, further increasing the attainable mid-IR ban
width and reducing overall GVM and material dispersio
Also, note that although the acceptance bandwidth of KT
larger than that of KNbO3 at 4000 nm, the transparency o
KTP at this wavelength is poor,19 making KNbO3 a better
choice for this spectral region. The 1 mm crystal length u
in the present OPA gives a pump–signal pulse splitt
length ~GVM x crystal thickness! of 83 fs at 3000 nm,
slightly longer than the temporal width of the cross corre
tion between the pump and continuum signal pul
(;60 fs).
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It has been noted previously that while KNbO3 OPAs
can generate broadband mid-IR light, the pulses produ
directly from these devices typically are not transfor
limited.16,63 Spectroscopic demands for short duration, hig
quality pulses dictate that pulse compression of mid
pulses is necessary for experimental applications. Comp
sion using a dispersive prism line is not feasible in this sp
tral region because the OPA crystal and transmissive op

FIG. 1. ~A! Calculated phase matching curve for parametric generatio
KNbO3 . Type I phase matching in theXZ plane; pump wavelength
5800 nm.~B! Plots of the GVM between pairs of pulses. Solid: pump idl
dashed: pump signal, and dashed-dotted: signal idler. Data was calcu
from the Sellmeier equations~of Ref. 62! using the programSNLO version 21
~Ref. 61!.

TABLE I. Comparison of KTP and KNbO3 parameters at 3000 nm and 400
nm.

Parameter
KNbO3

3000 nm
KTP

3000 nm
KNbO3

4000 nm
KTP

4000 nm

Acceptance bandwidth
(cm21 mm)

465.9 334.8 1303.4 1458.8

deff ~pm/V! 7.98 22.07 7.95 22.02
Pump-idler GVM

~fs/mm!
153 83 10 27

Pump-signal GVM
~fs/mm!

83 217 33 230

Signal-idler GVM
~fs/mm!

70 100 223 23
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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in the present design exhibit negative group velocity disp
sion ~GVD! in this spectral region~i.e., dispersive prism
pairs impart additional negative GVD!. Use of a zero-
dispersion grating stretcher has been used in a mid
OPA,17 but such devices can be lossy and nontrivial to al
for mid-IR beams. However, one can take advantage of
fact that materials in the mid-IR can also have posit
GVD.30,64 Figure 2 shows the GVD and third-order dispe
sion ~TOD! of infrared materials relevant to this article. Th
KNbO3 crystal has large negative GVD, as does calci
fluoride (CaF2), which is used in the sample cell window
collimating lens, and dichroic mirror used in experimen
Addition of materials with positive GVD in the path of th
mid-IR beam serves to compensate dispersion to sec
order ~TOD cannot be compensated in this manner as
materials have positive TOD!. Germanium, which also
serves as a filter to remove the pump and signal light fr
the beam ~Ge is not transparent to wavelengths belo
;2000 nm!, is used for pulse compression in the appara
described herein. Figure 2 also shows dispersion values
silicon ~Si!. Prospects for use of this material in dispersi
compensation will be discussed in Sec. IV.

B. Performance

1. Gain-switched regenerative amplifier

The pump source for the OPA was a home-built Ti:Sa
phire chirped pulse regenerative amplifier incorporating b
electro-optic ~EO! and acousto-optic~AO! devices. A
schematic diagram of the amplified laser system is given
Fig. 3. A KD* P Pockels cell~Lasermetrics model 5046 Puls
Slicer!, achromatic quarter-wave plate~Karl Lambrecht
Corporation, MWPAC2-22-HEAR700-1000!, and thin-film

FIG. 2. Dispersion of materials in the infrared spectral region.~A! GVD;
~B! TOD. Solid: CaF2 , dashed: KNbO3 ~b axis!; dashed dotted Ge, an
dotted: Si.
Downloaded 23 May 2002 to 128.135.233.49. Redistribution subject to 
r-

R
n
e

.

nd
ll

s
or

-
h

in

polarizer ~Alpine Research Optics! were used to switch
pulses in and out of the amplifier cavity. Gain-switched o
eration at a 4 kHz repetition rate was facilitated by use of
diode-pumped frequency-doubled Nd:YAG pump las
~Lightwave 612, producing a 532 nm pulse,50 ns in dura-
tion!, obviating the need for aQ switch to suppress amplified
spontaneous emission. An AO modulator~Intra-Action AOM
125! replaced the traditional Faraday rotator and polari
pair combination as the unidirectional device,65 resulting in
an amplifier with moderate levels of material dispersi
compared to more traditional all-EO regenerative amplifi
designs.

A four-mirror Ti:Sapphire oscillator~KM Labs TS-Laser
kit! producing;25 fs pulses at a 91 MHz repetition rate w
used as the seeding laser for the amplifier; single pulses w
extracted from the pulse train with 50% efficiency in a sing
pass using a 3 mmfused silica Bragg cell~Harris H-101!,
reducing the repetition rate to 4 kHz~CAMAC Systems
Bragg cell driver CD 5000, rf power amplifier PB 1800, an
timing system TS 2004!. Prior to amplification, the pulse
were stretched using an all-reflective, single-grati
stretcher66 with a 600 groove/mm gold-coated grating~Rich-
ardson Grating Laboratories! set at the Littrow angle for the
oscillator center wavelength~790 nm!. After deflection by
the AO modulator, the stretched pulses were injected into
amplifier cavity consisting of a three-mirror ‘‘dog-leg’’ ar
rangement containing the Ti:Sapphire gain medium, Pock
cell, thin-film polarizer, and achromaticl/4 waveplate. The
concave spherical mirrors in the dog-leg fold around the
Sapphire crystal~Bicron, 0.25% doping and 4 mm pat
length! had 20 and 10 cm radii of curvature, while the e
mirror was a 4 m radius of curvature convex spherical mir
used to suppress lasing of higher order modes. All mirr
were broadband, low-dispersion dielectric high reflect
centered at 800 nm~CVI TLM2 !. The amplified energy pe
pulse extracted after eight round trips was;35mJ. Reflec-
tion losses from non-Brewster-angle surfaces within the c
ity ~i.e., from the windows and faces of the Pockels cell a

FIG. 3. Schematic of chirped pulse amplifier. SP: Spectra-Physics Millen
V frequency-doubled Nd:YVO4 pump laser, TS-osc: Ti:Sapphire oscillato
B: Bragg cell, PD: photodiode, G: 600 groove/mm grating,P: parabolic
mirror, LW: Lightwave 612 pump laser, L1: 50 cm f.l. lens, AOM: acoust
optic modulator,l/2: half-wave plate, L2: 1.5 m f.l. lens, L3: 20 cm f.l. lens
M1: 20 cm ROC concave spherical mirror, TS: Ti:Sapphire crystal, M2:
cm ROC concave spherical mirror, TFP: thin-film polarizer,l/4: quarter-
wave plate, PC: Pockels cell, M3: 4 m ROC convex spherical mirror, L4: 75
cm f.l. lens, and RR: 90° roof reflector. A prism pair following the compre
sor is not shown.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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the quarter-wave plate! and thermal lensing at higher pum
power limited the attainable output power.

Pulses were recompressed using a single-grating c
pressor~also using a 600 groove/mm grating! similar to that
reported by Jooet al.,67 but using a second roof reflecto
~PLX, Inc.! as the retroreflecting mirror to minimize the ve
tical deviation of the beam from the grating normal. T
compression was optimized by adjusting the incident an
and separation distance as dictated by calculations of
dispersion of the stretcher-amplifier-compressor sequen68

The duration of the amplified pulses was;42 fs as deter-
mined from a second-harmonic generation FROG~SHG-
FROG! measurement and analysis~FROG 3.06 software
Femtosoft Technologies; data not shown!.

2. KNbO 3 optical parametric amplifier

A schematic of the single-stage KNbO3 OPA is shown in
Fig. 4. The OPA was pumped with;5 mJ pulses of 800 nm
light from the regenerative amplifier described herein. A
proximately 1 mJ of amplified 800 nm light was used t
generate a white light continuum in a 2 mmsapphire plate,
and the near-IR portion of the continuum was used to s
the OPA. The sapphire plate was cut at the@0001# orientation
to prevent depolarization of the continuum light, and t
time delay between the pump and continuum pulses was
trolled using a motorized delay stage~Melles Griot Nano-
mover! in the path of the continuum. A long pass color filt
~Schott RG 830! was used to remove the visible compone
of the continuum before the mixing crystal. The 800 n
pump and the continuum then were combined with a dichr
mirror ~CVI Laser LWP2! for collinear type-I phase match
ing in a 1 mmthick KNbO3 crystal ~VLOC!. The KNbO3

crystal was cut foru540.5° ~off b toward c! and f50°.
Cross-correlation measurements of the pump and contin
in BBO at the location of the OPA crystal gave cros
correlation widths of;60 fs for wavelengths in the 980
1150 nm range. The central wavelength of the mid-IR out
was tuned from 2800 to 4600 nm by adjusting the tempo
overlap of the continuum and pump pulses with some tun
of the u angle~the f angle was not adjusted off of norma
incidence!. This ability to phase match broad bandwidths

FIG. 4. Schematic of femtosecond mid-IR OPA. CPA: chirped pulse am
fication system~Fig. 3!, BS: beam splitter, L1: 6 cm f.l. diode doublet, S:
mm @0001#-cut sapphire disk, L2: 1 in. f.l. achromatic doublet, D: scanni
delay line, L3: 20 cm f.l. lens, L4: 25 cm f.l. lens,l/2: half-wave plate, DM:
dichroic mirror, KNbO3 : 1 mm KNbO3 crystal, L5: 10 cm f.l. CaF2 lens,
Ge: germanium disk~s!, W: glass window, gate: gate pulse for SFG, a
mid-IR: mid-infrared output. Solid line5800 nm pulses, dashed lin
5continuum; and dashed-dotted line5mid-IR.
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evident from the steep phase matching curve for KNbO3 in
this wavelength region as shown in Fig. 1~A!.

Temporal characterization of the mid-IR output of th
OPA was accomplished by sum frequency cross-correla
measurements with a small portion of the 800 nm pump t
was split off before the OPA. The OPA output and gati
beams were combined collinearly by a dichroic mirror~CVI
Laser OPOM; CaF2 substrate! and focused into a 300mm
~VLOC; u537.6°, f50°! or 100mm thick KNbO3 crystal
~Spectragen;u537.6°, f50°! with a gold-coated 30° off-
axis parabolic mirror@4 in. focal length~f.l.!# for sum fre-
quency generation~SFG!. The thin SFG crystal was neede
to phase match the broad bandwidths of the mid-IR puls
The 300mm thick crystal was used to characterize puls
with center wavelengths longer than 3800 nm due to
increased SFG phase-matching bandwidths in that region
the larger signal levels it afforded.

The cross-correlation signal was imaged onto the
trance slit of a 0.32 m monochromator~Jobin–Yvon TRIAX
320! after filtering with a broadband interference filter@40 or
75 nm full width at half maximum~FWHM!; Coherent# cen-
tered at an appropriate visible wavelength. Frequen
integrated cross-correlations were measured with a
sensitive photomultiplier tube~Hamamatsu R928! with the
grating ~600 gr/mm; blazed at 450 nm! set for specular re-
flection. XFROG traces for field characterization were a
quired by line binning the signal dispersed on a cha
coupled device array detector~Hamamatsu S7032-1007! to
acquire the spectrum at each time delay. The negative G
imparted on the mid-IR pulses by the KNbO3 crystal and
CaF2 optics was compensated by insertion of germani
disks~Meller Optics! in the beam path. The thickness of th
Ge required ranged from 0.76 to 5.3 mm, with the thickne
increasing with wavelength. Spectra of the mid-IR puls
were acquired using the same monochromator with a gra
blazed at 2500 nm~120 groove/mm! or 3000 nm ~300
groove/mm! and a liquid nitrogen-cooled InSb detector~Kol-
mar Technologies!. The field of the gate pulse was chara
terized by SHG autocorrelation and SHG-FROG in a 50mm
thick KDP crystal in the same setup such that the gate p
encountered the same optics as in the SFG measurement
direction of time~ambiguous for the SHG-FROG trace! for
the extracted gate pulses was verified by inserting a piec
glass before the beamsplitter in the autocorrelator and acq
ing a second SHG-FROG spectrogram with the add
dispersion.54 Data acquistion was controlled by a person
computer runningLABVIEW andLABWINDOWS/CVI.

The XFROG trace and extracted time-domain intens
and phase of the electric field of an idler pulse at 3600
are given in Fig. 5 as an example of the performance of
OPA. Prior to FROG analysis, all traces were corrected
the spectral response of the detection system as determ
using a deuterium–quartz–tungsten–halogen~MK Photon-
ics; for ultraviolet wavelengths! or tungsten lamp~Ocean
Optics LS-2!. The pulse duration is 48 fs as retrieved b
FROG analysis, representing four optical cycles at 3600
The pulse shows a small amount of residual TOD as
pected from the dispersion compensation strategy. Plot
the FWHM pulse durations obtained from XFROG analys

i-
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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and optical cycles per pulse versus center wavelength of
mid-IR OPA output are provided in Fig. 6.69 The pulse dura-
tions across the tuning range given here are<75 fs; most
pulses contain fewer than five optical cycles. The spectra
the mid-IR pulses with center wavelengths from 4000
4600 nm exhibit missing intensity in the 4200 to 4300 n
region due to absorption by atmospheric CO2; pulses cen-
tered at 4200 and 4300 nm were not characterized for
reason. This spectral modulation, in addition to the la
amounts of Ge needed to compensate for GVD, led to
nificant wings on the long wavelength pulses~not shown!.
The FWHM frequency bandwidth of the pulses
142– 440 cm21, giving time-bandwidth products that ar
less than;0.7 across the tuning range.70

III. COHERENT MID-INFRARED PULSE PROPAGATION
IN OPTICALLY DENSE SAMPLES

Pulse profiles were measured using the same appa
described herein for the cross-correlation and XFROG m
surements. A sample cell consisting of two 1 mm thick Ca2

windows separated by a 200mm Teflon spacer was placed i
the IR beam path after the germanium filter. The pulse ce
wavelength was tuned to the maximum of the OH-stretch
vibration absorption at;2950 nm, and the spectrum of th

FIG. 5. ~A! SFG XFROG spectrogram of IR pulses at 3600 nm. Conto
are at 10% levels.~B! Temporal intensity~solid line! and phase~dashed line!
of the electric field extracted from the XFROG measurement shown in~A!.
The FROG error for the analysis was 0.008 on a 1283128 grid.
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pulse completely overlapped that of the OH-stretching tr
sition of HDO in D2O ~spectra not shown!. HDO:D2O
samples were prepared by isotope exchange of 18 Mo
H2O with D2O ~Cambridge Isotope Laboratories, 99.96
D!. The mole ratios of the solutions prepared were 1:
1:100, and 1:200 HDO:D2O, and a sample of neat D2O was
used as a solvent blank. The instrument response function
the measurements was determined using an empty sa
cell in the beam path. Infrared absorption spectra of e
sample were acquired with a Fourier transform infrared sp
trometer~Biorad FTS 6000! immediately following the cor-
responding pulse profile measurement. The optical dens
at the peak of the OH-stretch transition were 0.08, 0.5, 0
and 1.7, for the neat D2O, 1:200, 1:100, and 1:50 HDO:D2O
samples, respectively. A 0.76 mm thick Ge plate was used
dispersion compensation~minimum cross-correlation width!
for the concentration series measurements. A second m
surement of the pulse profile after propagation through
1:50 HDO:D2O sample was made using a 1 mmthick Ge
plate in place of the 0.76 mm Ge plate to observe the in
ence of pulse chirp on the transient.

Wavelength-integrated measurements of FID-modifi
pulse profiles are shown in Fig. 7. The upper panel@Fig.
7~A!# shows the results for the instrument response
HDO:D2O concentration series obtained using 0.76 mm
Ge for dispersion compensation. A comparison of the F
modified pulse profiles for the 1:50 HDO:D2O sample with
different driving field chirps are given in the lower pan
@Fig. 7~B!# with their associated instrument response fun
tions.

s

FIG. 6. ~A! FWHM duration and~B! cycles per pulse vs center waveleng
for idler pulses.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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The wavelength-integrated profiles of the reson
mid-IR pulses after passing through HDO:D2O samples of
different optical densities@Fig. 7~A!# clearly show that se-
vere distortions are imparted on these pulses in the m
optically dense samples. In the wavelength-integrated m
surements of the O.D. 0.9 and 1.7 samples~1:100 and 1:50
HDO:D2O, respectively!, a secondbeat can be observe
with an intensity;3% – 9% of the maximum peak, indica
ing absorption and reemission of the FID field. A comparis
of the wavelength-integrated profiles after the 1:
HDO:D2O samples, as shown in Fig. 7~B!, reveal a depen-
dence of the transients on the chirp of the initial pulse. B
the intensity of the FID beats and the depth of modulat
are influenced by the chirp characteristics of the pulse d
ing the material response.

XFROG spectrograms of the 2950 nm pulses propaga
through the 1:50 HDO:D2O solution with different amounts
of chirp are shown in Fig. 8 and were analyzed to extract
intensity and phase of the fields.71 The associated time
domain electric field intensities and phases obtained u
the FROG algorithm are given in Fig. 9 along with the
instrument response characteristics.

IV. DISCUSSION

The mid-IR pulses generated by the OPA described
this article contain five or fewer optical cycles over almo

FIG. 7. Wavelength-integrated FID-modified pulse profiles.~A! Concentra-
tion series with 0.76 mm Ge for dispersion compensation. The respons
D2O is not shown. Solid: instrument response, dotted: 1:200 HDO:D2O,
dashed: 1:100 HDO:D2O; and dashed-dotted: 1:50 HDO:D2O. ~B! Chirp
dependence of pulse profiles. Solid: instrument response, 0.76 mm
dashed-dotted: 1:50 HDO:D2O, 0.76 mm Ge, dotted: instrument response
mm Ge, and dashed: 1:50 HDO:D2O, 1 mm Ge. In this and subseque
figures, the trailing edge of the pulse occurs at positive delay.
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all of the tuning range explored. However, these pulses
not quite transform limited in all cases. One approach
improving the pulse quality would be to reduce the amo
of CaF2 encountered by the pulses in the current experim
tal design. For example, the CaF2 collimating lens~L5, Fig.
4! could be replaced by an off-axis parabolic reflector. T
would reduce the total negative GVD in the system, the
fore requiring less positive GVD material for dispersio
compensation and reducing the total TOD. A second strat
to improve pulse quality would be to change the mate
employed in dispersion compensation. Use of german
not only leads to large losses from surface reflections~refrac-
tive index in the infrared is approximately 4.0!, but also adds
large amounts of TOD that cannot be compensated u
only materials. Silicon could be a useful alternative to g
manium due to lower reflection losses~index ;3.4! and a
smaller TOD/GVD ratio~see Fig. 2!. The material thickness
of silicon required is much larger than that of germaniu
but the use of a right angle prism pair in contact wou
provide the longer material lengths needed and allow c
tinuously adjustable dispersion compensation.72 The reduc-
tion of TOD on the pulses should be particularly useful
longer wavelengths, where the magnitudes of both
second- and third-order dispersion of KNbO3 and CaF2
increase dramatically. These measures should lead

for

e;FIG. 8. XFROG spectrograms of FID-modified pulses under different ch
conditions.~A! 1:50 HDO:D2O; 0.76 mm Ge.~B! 1:50 HDO:D2O; 1 mm
Ge. Contours are at 5% levels.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 9. Temporal intensities and
phases of the electric fields of FID
modified pulses extracted from th
XFROG spectrograms in Fig. 8. Solid
lines indicate instrument respons
functions and dashed lines deno
pulse fields after traversing the 1:5
HDO:D2O sample.~A! Intensity, 0.76
mm Ge, ~B! intensity, 1 mm Ge,~C!
phase, 0.76 mm Ge, and~D! phase, 1
mm Ge. FROG errors were 0.009 an
0.012 for instrument response an
1:50 HDO:D2O sample fields, respec
tively. The phase of the instrument re
sponse in~D! was shifted downward
by 2p radians.
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reduction in the wings observed on pulses, especially th
with center wavelengths beyond 4000 nm. In addition, nit
gen purging of the system to reduce absorption by C2

should allow pulses at 4200 and 4300 nm to be charac
ized.

As the OPA was not optimized for efficiency, furthe
increases in output power are anticipated. Previous work
shown that efficiencies better than 10% pump-to-idler c
version can be obtained for a double-pass KNbO3 OPA
geometry.16 A second pass through the KNbO3 crystal, or the
addition of a second ‘‘power amplifier’’ crystal should im
prove the energy levels attainable from this design.

The wavelength-integrated pulse profile measureme
of Fig. 7 clearly show an increase in the modulation of t
pulse tail with increasing sample optical density. As obser
from Fig. 7~B!, the details of the FID beat features are d
pendent on the chirp of the pulse inducing the material
sponse. The effect of chirp on pulse propagation is m
apparent in the XFROG spectrograms and extracted fi
for these pulses. Figure 8~A! shows the XFROG spectrogram
of the FID-modified pulse with 0.76 mm of Ge for dispersio
compensation. A small tilt of the beating portion of the sign
can be observed, indicating a slight negative chirp~GVD! on
the signal. Figure 8~B! presents the XFROG trace using th
same sample, but with 1 mm of Ge. The beating region
pears less tilted in this spectrogram. In both cases, the
poral phase of the FID-modified pulse@Figs. 9~C! and 9~D!#
shows pronounced shifts near the locations of the minima
the intensity profiles. The magnitude of the phase shifts
these jumps is approximatelyp radians as would be expecte
from the relative phases of the fields giving rise to the sig
~i.e., initial, re-radiated FID, and absorbed-and-re-radia
FID fields!, confirming the assignment of these features
FID beats.47 However, the steepness of the phase jump
sharper in Fig. 9~D! than in the Fig. 9~C!. This can be attrib-
uted to the chirp of the initial pulse field giving rise to th
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response, as has been noted previously in a study of op
pulse propagation in CdS.42 A comparison of the instrumen
response pulse fields between the two cases reveals tha
pulse in Figs. 9~A! and 9~C! exhibits some negative qua
dratic chirp, while the pulse in Figs. 9~B! and 9~D! has a
flatter temporal phase. The curvature of the phase of
former pulse leads to a softening of the sharpness of
phase jumps and slight increases in phase over the dura
of the beat field. These effects are less pronounced in
latter case. The influence of pulse quality is also manifes
in the depth of modulation of the field intensity. The mod
lation depth is larger for the pulse with the flatter tempo
phase as is evident from Fig. 9~B!.

Observation of FID beats and phase jumps in the h
O.D. samples investigated herein indicate that a
Maxwell–Bloch treatment of the propagation would be r
quired to reliably extract information on vibrational dynam
ics from nonlinear spectroscopic experiments on su
samples.40,46 Therefore, low-optical density samples will b
required for time-resolved measurements with such
trashort mid-IR pulses if pulse propagation effects are to
neglected in analyses. Conversely, explicit treatment of
electric fields may need to be included in the analysis
time-resolved linear and nonlinear signals. The XFRO
technique employed in these studies to determine both in
sity and phase behavior of signals can serve as an altern
to interferometric methods of measuring the phase of tim
resolved linear and nonlinear spectroscopic signals. Fur
analysis and simulation of the data, along with addition
measurements using pulses with varying levels of chirp,
being pursued to further explore these phenomena.

Note added in proof:The use of materials with positive
and negative GVD to compress pulses at 5000 nm was
cently detailed in N. Demirdoeven, M. Khalil, O. Golonzk
and A. Tokmakoff, Opt. Lett.27, 433 ~2002!.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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Fittinghoff, M. A. Krumbuegel, J. N. Sweetser, and R. Trebino, IEEE
Sel. Top. Quantum Electron.2, 575 ~1996!. We implemented this tech-
nique, but found that the increase of the noise at the extremes of
XFROG trace resulted in retrieved fields that did not reproduce
wavelength-integrated cross correlations as well as those retrieved
data corrected only for the spectral response of the detection system.
issue will be addressed further in a separate publication.
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