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Detection of Trace Molecular
Species Using Degenerate
Four-Wave Mixing

Roger L. Farrow and David J. Rakestraw

Spectroscopies that make use of laser light have provided an important tool to modern
researchers for the nonintrusive analysis of chemical systems. The strengths and limita-
tions of these spectroscopic techniques often determine the viability of scientific investi-
gations. The unique properties of degenerate four-wave mixing, a nonlinear optical tech-
nique, have recently been found to provide powerful capabilities for a wide range of

applications.

Optical diagnostic methods provide pow-
erful tools for characterizing the molecular
composition and detailed physical proper-
ties of chemical systems. The high-intensi-
ty, coherent, and spectrally pure radiation
provided by lasers, together with recent
advances in laser spectroscopy, have revo-
lutionized optical diagnostics. The unique
properties of laser techniques allow quan-
tum state-specific measurements to be per-
formed with high temporal and spatial res-
olution. In addition, laser techniques can
be used to provide in situ measurements
that can be obtained remotely and nonin-
trusively. Applications of laser diagnostics
are numerous and diverse, ranging from
monitoring pollutant formation in combus-
tion processes at high temperatures and
pressures, to performing fundamental spec-
troscopic measurements of isolated mole-
cules in supersonic expansions, to detecting
complex macromolecules in biological en-
vironments. A variety of spectroscopic
techniques are available, each having par-
ticular strengths and weaknesses that affect
the viability of their application. Important
considerations for choosing a technique
include sensitivity and dynamic range, ap-
plicability to a variety of chemical species,
the capability for multidimensional mea-
surements, the capability for quantitative
measurements, and the degree of experi-
mental complexity. Among the leading la-
ser diagnostics are spontaneous Raman scat-
tering, laser-induced fluorescence (LIF),
ionization spectroscopy, and coherent anti-
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Stokes Raman scattering (CARS). These
techniques have been used extensively and
form the cornerstone of much modern sci-
entific research.

During the past several years a relatively
mature nonlinear technique, degenerate
four-wave mixing (DFWM), has received
renewed attention because of its potential
role as an optical diagnostic. The wave-
mixing process used in DFWM produces a
coherent, highly collimated, and spectrally
bright signal beam. These properties permit
efficient rejection of potential interfering
radiation, allow measurements to be ob-
tained remotely, and permit the use of small
optical ports for input and output beams.
These properties are in contrast to those of
linear processes such as spontaneous Raman
scattering and LIF, for which the signal
radiates nearly isotropically in space, mak-
ing signal collection and background dis-
crimination more difficult. Although non-
linear processes are generally considered to
be weak, DFWM is a completely resonant
process and has very high sensitivity for
detecting trace molecular species.

Historically, the primary applications of
DFWM have been in optical phase conju-
gation (I, 2) and in the measurement of
ultrafast relaxation phenomena in liquids
and solids (3). The ability to detect trace
species with DFWM was first demonstrated
for atomic species (4), which have strong
absorption strengths. The potential for sen-
sitive detection of trace molecular species
(which typically have much weaker absorp-
tion strengths) was first demonstrated in
1986 by Ewart and O’Leary (5), who report-
ed the detection of several OH absorption
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lines in a methane-air flame at atmospheric
pressure. However, several years passed be-
fore other research groups began to recog-
nize this potential. During the past 3 years
a host of laboratories have begun to inves-
tigate the diagnostic capabilities of DFWM;
rapid advances both in the fundamental
understanding of the technique itself and in
new applications that exploit the unique
strengths of DFWM have been forthcom-
ing. This article discusses these recent de-
velopments and attempts to provide a guide
for future users of this promising diagnostic
tool. Much of the work discussed will de-
scribe applications in combustion environ-
ments where the unique properties of
DFWM make it particularly valuable. How-
ever, the potential applications of DFWM
extend far beyond this relatively specific
application.

Description of DFWM

Degenerate four-wave mixing involves the
interaction of three input beams of identi-
cal frequency o with a nonlinear medium to
produce a fourth coherent signal beam of
the same frequency w. A schematic diagram
of a commonly used laser beam geometry is
shown in Fig. 1A. In this geometry, two
pump beams with electric field vectors E,
(forward) and E, (backward) are coaxial
and counterpropagating, and they cross a
third beam, E | (probe), at an angle 6. The
nonlinear polarization of the medium cou-
ples these three beams through the third-
order susceptibility tensor x® to generate a
fourth beam E_ that counterpropagates col-
linear with E . This geometry meets the
phase-matching requirements for all angles
0 and has the unique property that E_ is
proportional to the complex conjugate of
E.

A qualitative physical description of the
four-wave mixing interaction is helpful in
understanding the generation of E. An
interference of E with E; and E,, gives rise
to an optical fringe pattern in the sample
such that the intensity of the light varies
sinusoidally in the beam overlap region.
The fringe spacing A is given by

A = \,/2sin(6/2) (1)

where A is the wavelength of the interfer-
ing radiation. In an absorbing medium, this
spatial oscillation in intensity results in a
corresponding variation in the concentra-
tion of excited and ground states. These
alternating regions are characterized by a
varying index of refraction and a varying
absorption coefficient and therefore form a
Bragg grating. This volume diffraction grat-
ing produced by the interference of E with
E; and E, with E, then results in the
scattering of E; and E,, respectively, pro-
ducing the signal wave E_. The interference
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of E_ with E, is shown schematically in Fig.
1B. Because all four beams are of the same
frequency, a strong resonant enhancement
of the DFWM signal occurs whenever @
matches an allowed molecular transition.
Therefore, examination of E_ as a function
of input laser frequency will result in the
sensitive mapping of the atomic and molec-
ular species by absorption in the interaction
region.

A typical experimental configuration for
conducting DFWM experiments is shown
in Fig. 2. In this example, a tunable source
of visible radiation is provided by a dye laser
that is pumped by an injection-seeded,
frequency-doubled Nd:YAG (neodymi-
um:yttrium-aluminum-garnet) laser having
a pulse duration of 10 to 15 ns. The output
of the visible dye laser can then be used to
generate ultraviolet or infrared radiation by
frequency doubling or mixing. The desired
output is spatially filtered to improve the
laser beam profile. The output is passed
through a photo-elastic modulator crystal
and polarizer to allow active control of the
transmitted intensity with a computer. At
this point a beam splitter is used to produce
the probe and forward pump beams, which
are crossed at a small angle (typically 1° to
4°) and intersect in the medium to be
studied. A second beam splitter placed in
the probe beam path is used to extract the
phase conjugate signal. The signal beam is
directed to a convenient detection location
often several meters away (to improve re-
jection of stray light not generated by the
wave-mixing process). Before detection the
signal beam is passed through a spatial filter
consisting of a lens and a pinhole ~100 pm
in diameter before being directed to the
appropriate photodetector.

A Conjugate wave
Forward probe ks
0 D
Forward pump Backward pump
|

Bl\z\

\

Fig. 1. (A) Schematic diagram of the phase-
conjugate DFWM beam geometry. The wave
vectors, k, correspond to the electric field
vectors, E;. (B) Schematic drawing of the large-
spacing grating (Ak) formed from the interfer-
ence of the forward pump and the probe laser
beams. The small-spacing grating (2k) formed
between the forward probe and the backward
pump laser beams is not shown.
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Detection of Molecular Species

A DFWM spectrum is illustrated in Fig. 3.
This DFWM spectrum shows a section of
the NO A 23* « X ZII band system near
226 nm. The NO was thermally generated
in an H,-O,-N, diffusion flame operating at
atmospheric pressure. We were able to ob-
tain spectra in this flame with signal-to-
noise ratios greater than 2000:1 where the
NO concentrations were estimated to be
~400 ppm (6). The pump and probe laser
beams were unfocused but collimated, with
beam diameters of ~1 mm and relatively

(Pulse- Doubling/
amplified) |je=====p( mixing
dye laser stages
s !
___________ 1 1
5§32 n 1y
m 1.06 um ! '
R |
A mmmmmemeee
1 1
2w I
IR
i
1
Al
Single o H
mode TR
Nd:YAG
laser | | . pe—o-- i
Computer [ _ ___ i

,,,,,,,,,,,,,,,,,, 4

PE

—I— Pinhole

modest pulse energies of ~20 pJ (0.2 MW/
cm?). Also shown in Fig. 3 is a simulated
spectrum based on the model of Abrams et
al. (7). DFWM measurements of other im-
portant combustion species, including OH
(5,8, 11), NH (9, 12), NO, (13), and CH
(14), have been reported. Qur early exper-
iments involving OH demonstrated that
the signal intensity could be described un-
der conditions of saturation by the simple
relation

Iprwm © (AN?py5%) (2
where AN is the population difference be-

Pinhole
M . I )
M f
Polarizer :
‘N beam
Probe
beam

= Filter

[l

=t Bandpass
filter

Gas cell
(or flame)

Backward
pump
beam

L8} Beam dump

Fig. 2. Schematic diagram of a typical experimental configuration used for performing the DFWM
measurements. The specific optics and detectors vary depending on the frequency of the radiation
used. PEM, photoelastic modulator; PMT, photomultiplier tube.
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Fig. 3. Experimental (up-
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an  H,-O,-N, diffusion
flame. The branches of the
A-X transition are indicated
at the top of the figure. The
experimental spectrum is
offset for clarity. The peak
near 44,228 cm~' has
been plotted offscale to en-
hance the display of weak-
er lines; its intensity relative
to that of the Q,(18) + :
Q,,(18) is 3.1 and 3.7 for
experiment and theory, re-
spectively. Asterisks mark
several O, transitions ob- ]
served experimentally that 4
were not included in the

simulation. A detailed de-
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tween the probed levels and p, is the
transition dipole moment (8). This relation
has been confirmed by other laboratories for
OH (10, 11) and also has been shown to be
valid for NH (9), CH (14), and NO (15).
By the use of this relation local tempera-
tures have been determined from the rela-
tive population of rotational levels in a
variety of combustion environments and
laboratory vessels. These experiments have
collectively shown the ease with which
DFWM can be applied to detect trace
species (that is, concentrations of 10'° to
102 molecules per cubic centimeter).

The detection of several stable species at
slightly higher concentrations has been ex-
amined by Meijer and Chandler (16), using
weak electronic absorptions in the ultravi-
olet spectral region for resonance enhance-
ment of the DFWM process. These exper-
iments made use of overlaps of a tunable
excimer laser with molecular transitions
near 193 and 248 nm: H, and H,0 were
detected by means of two-photon transi-
tions, and CO and O, were detected by
means of weak one-photon transitions. In
order to compensate for the weaker absorp-
tion strengths, Meijer and Chandler used
higher laser intensities obtained by focusing
the laser beams. They utilized a four-wave
mixing geometry in which all three input
beams propagated in the same direction,
and the beams were conveniently generated
by the placement of a mask in front of the
output of the excimer laser.

The applications discussed to this point
have involved the use of electronic transi-
tions for resonance enhancement. Howev-
er, the DFWM interaction depends on ab-
sorption rather than emission, thereby al-
lowing the efficient detection of molecular
transitions that have long fluorescence life-
times or low fluorescence quantum vyields
(which are not easily detected with emis-
sion techniques). We have exploited this
property to detect molecules by infrared
absorptions in the ground electronic state
(17). Initial measurements involving the
HF(1-0) and HCI(1-0) transition have
demonstrated relatively high sensitivities of
10'° molecules/cm>®. Experiments are cur-
rently under way in which infrared DFWM
is being used to detect polyatomic mole-
cules with absorptions in the 2- to 4-um
range. The ability to use purely rovibra-
tional transitions to detect molecular spe-
cies marks a significant advance because it
extends the use of DFWM to a large class of
molecules that are difficult or impossible to
probe by electronic transitions.

Although DFWM has not been shown
to match the highest sensitivities achiev-
able with LIF or ionization techniques, the
coherent nature of the DFWM signal and
its ability to detect many molecules by
infrared transitions provide special capabil-
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Fig. 4. A comparison of experi-
mental (symbols) and theoretical
(curves beneath symbols) DFWM
line shapes for the O,,(2) transi-
tion of NO in various pressures of
- He at 295 K. The NO partial pres-
sure was <70 mtorr to ensure that
B the peak absorption was below
3%. The theoretical curves are
based on a moving-absorber

model in which the collisional
broadening parameter vy,, was

varied for best fit, yielding the
indicated values. These are in ex-
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ities that will make DFWM the preferred
technique in many applications. This po-
tential has provided the motivation for
further investigation of other applications

and of the fundamental properties of
DFWM in more detail.

Interpretation of Spectral
Intensities

Spectral intensities obtained with DFWM
are proportional to the squared modulus of
the complex third-order susceptibility ten-
sor [x®|?. As the input laser frequency is
tuned through absorption lines in the me-
dium, perturbations in the index of refrac-
tion and absorption coefficient are produced
that correspond to resonances in x®.
Thus, the DFWM spectrum often resembles
the square of the absorption spectrum of the
medium. The relation between DFWM and
absorption spectra is analogous to that be-
tween CARS and spontaneous Raman
spectra. Moreover, in both nonlinear tech-
niques, additional spectral complexity aris-
es from the dependence on the squared
modulus of X, which implies a coherent
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addition of transition amplitudes. This
property leads to constructive (or destruc-
tive) interferences in the intensities of
overlapping lines and can result in asym-
metric line shapes. An example of the first
effect is seen in Fig. 3, where a chance
overlap between transitions at 44,228.0
cm™! produces an anomalously intense line
(plotted off scale).

The spectral profile of an isolated line
observed with DFWM is also somewhat
more complicated than the simple square of
the absorption line shape. The fact that
DFWM signals are generated from the res-
onant interaction of three laser fields results
in a line shape proportional to the cube of
the absorption profile (that is, a Lorentzian
profile raised to the third power) for slowly
moving absorber molecules at low laser
intensities (7):

L )

PFWM = Q013787 = [1 + (LT
Here the frequency-dependent saturation
intensity is given by I, = I2 (1 + &%),
where Igat is the line-center value, L is the
interaction length, o is the line-center
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field absorption coefficient, [ and I, are the
respective pump and probe intensities, and
3 is the frequency detuning from resonance
divided by the coherence dephasing width
Y12- The Lorentz-cubed line shape occurs
for I << I, where the second denomina-
tor is approximately 1. In this case the
DFWM profile is narrower than the absorp-
tion line by roughly a factor of 2.

Absorber motion cannot be neglected
when the attendant Doppler shifts are sig-
nificant compared to the homogeneous
linewidth. Selection of particular groups of
molecules according to velocity can occur if
the input beams are propagating in different
directions, because only the groups that are
(most nearly) resonant with all three beams
contribute effectively to the signal. In the
phase-conjugate geometry, only molecules
with near-zero velocity along the beam
propagation direction simultaneously inter-
act with the counterpropagating pump
beams and the probe beam for small angles
of 8, giving rise to a sub-Doppler linewidth.
Analytic expressions for the phase-conju-
gate line shape have been derived in the
limit of low laser intensity (7). We have
tested these expressions for NO as a func-
tion of the ratio between the collision
linewidth +y,, and ku,, the Doppler shift for
the most probable molecular speed u,. We
measured spectra of NO in various pressures
of He buffer gas, using a high-resolution
(~0.004 cm™! full-width) laser tuned near
226 nm; examples are compared to the
moving-absorber theory in Fig. 4. The com-
parisons demonstrate quantitative agree-
ment between theory and experiment for
Y12/ku, ranging from 0.64 to 2.6. In addi-
tion, Brown et al. (18) found that the
theory successfully described DFWM line
shapes of OH measured in a flame, where
Y12/kug was =0.5.

Although collisional broadening plays
an important role in determining the line
shape, it can also have a dramatic effect on
DFWM line intensities. The extent of the
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effect depends sensitively on the degree of
saturation induced by the measurement
process. (Saturation is a reduction of the
difference in population between upper
and lower states due to laser excitation;
full saturation corresponds to an induced
population difference of zero and results in
loss of signal.) In the absence of satura-
tion, line intensities are expected to vary
as y;,”% where x ranges from 4 to 6
(depending on v,,/ku,). However, in the
limit of full saturation, intensities should
be independent of vy, (7, 19). Fortunate-
ly, the strong dependence in the absence
of saturation is rarely observed in practice,
because of the difficulty of completely
eliminating saturation. As indicated by
the filled symbols in Fig. 5, we observe an
intensity dependence ranging from 'ylz“2
to v, %, measured by varying the pressure
p of the He buffer gas (y,, « p). As
expected, this dependence is less strong
than predicted by the moving-absorber
theory (7) (solid curve in Fig. 5), which
ignores saturation. To examine the impor-
tance of saturation, we repeated the mea-
surements using a much higher laser inten-
sity. In this case, saturation was significant
for the lower pressures, and the corre-
sponding intensities were nearly indepen-
dent of p (open symbols rescaled to com-
pare with the unsaturated case). Although
an analytic theory does not exist for the
case of strong saturation and nonzero v,/
kuy, a calculation (broken curve) per-
formed by numerically solving (20) the
density matrix equations describing
DFWM agrees remarkably well with the

experimental result.
Imaging of Species Distributions

The potential usé of DFWM to do real-time
processing of electromagnetic fields in two
dimensions has long been recognized and
has generated tremendous interest in areas
such as information processing and photo-
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lithography (1). Most of these applications
have involved the external modulation of
the radiation, which is then directed into a
uniform nonlinear medium used for optical
phase conjugation. It was recently demon-
strated by Ewart and co-workers (21) that,
by using uniform laser beams, DFWM
could also be used to measure the spatial
inhomogeneities in a medium. They suc-
cessfully measured two-dimensional distri-
butions of atomic sodium in a flame (21).
We have performed similar measurements
for the molecular species OH (22). The
high sensitivity combined with the low
laser intensity requirements of DFWM
make it ideally suited for two-dimensional
measurements with single laser shots of
~10-ns duration.

The geometry used for these experiments
is shown in Fig. 6 (several changes have
been made to the configuration shown in
Fig. 2). A cylindrical telescope is used to
form the pump beams into a laser sheet. The
forward and backward pump beams define a
plane in the sample which is then intersect-
ed by a circular probe beam at an angle of
10° to 45°, creating an elliptical intersec-
tion. In an effort to maximize the signal to
background ratio, we also modified the con-
figuration of the beam polarizations. The
backward pump beam is oriented at 90° with
respect to the forward pump beam and the
probe beam. The generated signal beam will
therefore be polarized parallel to the back-
ward pump, allowing efficient discrimination
against the scatter of the forward pump beam
and probe beam with a polarizer.

An example of a single-shot image gen-
erated by OH molecules in an axisymmetric
methane-air diffusion flame is shown in Fig.
7. The observed OH distribution reflects
the shape of the fuel-air reaction zone and
the effects of diffusion of the OH toward the
air side. To measure quantitatively the OH
number density from this image, tempera-
ture information would be necessary. How-
ever, changes in the population of the level
probed by the P,(8) transition used in the
experiment are small (<12%) for tempera-
tures of 1200 to 2400 K. By comparing
signal intensities of images produced using
transitions from different rotational levels,
one can derive a two-dimensional temper-
ature map of the probed region. Ewart and
Kaczmarek have recently reported the two-
dimensional mapping of temperature in a
flame by recording images from three differ-
ent rotational transitions of OH (23).
These workers took advantage of the stable
flame used in their experiment by recording
pulse-averaged images for each rotational
transition sequentially in time. Creating a
two-dimensional temperature map of a dy-
namic system would require the simultane-
ous use of two laser frequencies and two
imaging cameras.
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Flg. 6. Schematic diagram of a beam and detection geometry used in the DFWM imaging
experiments. After propagating through the pinhole, the signal image is directed to an unintensified
charge-coupled device camera. This geometry enables very efficient discrimination against highly
luminous backgrounds such as a highly sooting diffusion flame.

Multiplexed Detection

The DFWM spectrum shown in Fig. 3 was
generated by scanning the frequency of a
narrow band laser across a portion of the A
23* « X I band system of NO. By
making use of the steady-state nature of the
system under investigation, the DFWM
signals resulting from multiple laser pulses
were averaged for each small frequency
interval. The final spectrum can therefore
take many minutes to a fraction of an hour
to obtain. However, many spectroscopic
applications involve probing fluctuating
systems for which time-averaged measure-
ments are not acceptable. Therefore, it is
important to be able to make “instanta-
neous” measurements of physical and
chemical parameters. Broadband CARS is
an excellent example of a multiplexed tech-
nique (24) that can be used in the accurate
determination of temperature and in some
cases in the measurement of concentrations
of major species with single laser pulses
(<10 ns).

Perfecting the ability to obtain high-
quality DFWM spectra with a single laser
pulse will be an extremely important ad-
vance. Ewart and co-workers have made
significant progress in this area both theo-
retically (25, 26) and experimentally (27).
Initial experiments involved measurements
of the sodium D lines near 590 nm. Broad-
band visible light was produced with a
“modeless” laser (28) with a full width at
half maximum covering approximately 2
nm. The experimental arrangement was
very similar to that shown in Fig. 2 except
that in this case the DFWM signal beam
was dispersed through a spectrograph and
detected with a two-dimensional diode ar-
ray. Ewart’s group is currently extending
the measurements to examine the OH rad-
ical in the ultraviolet (29). To date these
experiments have proven to be challenging
because of the difficulty in producing broad-
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band radiation that has sufficient spectral
brightness to drive the nonlinear process.
To address this problem, Yip, Danehy, and
Hanson (30) have conducted similar exper-
iments on OH in which the spectrograph
has been replaced with an etalon. The
etalon provides high spectral dispersion,
permitting the use of a laser with smaller
spectral bandwidth. These researchers re-
cently reported temperature measurements
in flames based on the use of this method
30).

Although initial multiplexed DFWM
measurements have proven somewhat diffi-
cult, the utility of this method is very high.
The ability to make instantaneous measure-
ments of concentration and temperature of
multiple trace molecular species provides a
long-awaited tool facilitating the study of
turbulent chemical systems.

Applications to Molecular
Spectroscopy

In addition to the many analytical appli-
cations of DFWM, several recent experi-
ments have shown that four-wave mixing
techniques can also be an extremely pow-
erful tool for pure molecular spectroscopy.
One long-recognized property of DFWM,
the sub-Doppler nature of the line shapes
when the phase-conjugate geometry is
used, can be used to significantly improve
spectral resolution and therefore assist in
understanding complex spectra consisting
of closely spaced transitions. A compari-
son of the sub-Doppler DFWM and the
inhomogeneous broadened LIF line shapes
is given in Fig. 8. This increase in resolu-
tion afforded by DFWM is accompanied by
a decrease in sensitivity because only a
small subset of molecules can participate
in the nonlinear process (which further-
more has a quadratic dependence on num-
ber density). Under the experimental con-
ditions used for Fig. 8, only ~3% of the

25 SEPTEMBER 1992

Fig. 7. Image of the OH intensities produced by
DFWM in an axisymmetric methane-air diffusion
flame. The image results from the intersection
of a flat laser sheet 300 um thick and the OH
distribution in the flame. The OH distribution is a
maximum in the flame front and can be seen to
surround the central methane stream propagat-
ing from the bottom of the figure. The concen-
tration of OH is color-coded with white and
black representing the highest and lowest con-
centrations, respectively.

room-temperature NO molecules signifi-
cantly contributed in the DFWM signal
generation. If no benefit is gained from
this increased resolution, higher sensitiv-
ity can be gained through the use of a laser
bandwidth comparable to the Doppler
width or through the use of a forward
beam geometry.

Another important spectroscopic appli-
cation is the use of four-wave mixing tech-
niques for performing excited-state spec-
troscopy. The detection scheme used by
Vacarro and co-workers (31) is illustrated
in Fig. 9. A pump laser generates an excit-
ed-state population that is then probed by
means of a downward transition to a highly
excited vibrational level of the ground state
by DFWM. This detection scheme is a
modification of stimulated emission pump-
ing (SEP), first demonstrated by Field and
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ensemble of electronically
excited molecules. As the
wavelength of the DFWM
probe laser is scanned in |
the vicinity of 24,400 cm™"

o
2

o
i
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two pairs of resonances
are observed. These fea-
tures can be attributed to
the R(14) and P(16) rota-

0
22,375

T T T
22,390 22,405

22,420
DUMP frequency (cm™')

tional lines for vibronic transitions originating from the single rotational-vibrational level prepared in
the excited electronic state and terminating on two highly excited vibrational states of the ground
state. The notation (v,, V{2, v,) [that is, (3 16° 0) and (0 20° 0)] indicates the nominal assignment for
each of these vibrational states in terms of normal modes (v, = symmetric stretch, v, = doubly
degenerate bend, and v, = antisymmetric stretch. [Courtesy of P. H. Vacarro]

co-workers (32), which relied on the obser-
vation of fluorescence depletion to detect
the downward transitions. The SEP-
DFWM approach has the distinct advan-
tage that it is a null-background technique
and is therefore a very sensitive spectro-
scopic method, as illustrated in Fig. 9 for
CS,.

A variation of the SEP-DFWM method
for performing excited-state spectroscopy
has been demonstrated by Buntine, Chan-
dler, and Hayden (33) for the (B ’II3, <
X '3F) transition in I,. This approach
incorporates one laser frequency to form
an excited-state grating, and a second
frequency is used to probe the grating.
This technique has appropriately been
designated two-color, laser-induced grat-
ing spectroscopy (TC-LIGS). The double
resonance selectivity afforded by the TC-
LIGS scheme eliminates potential compli-
cations of SEP-DFWM where the DFWM

probing could detect ground-state transi-
tions. This selectivity, however, comes at
the expense of reducing the phase match-
ing simplicity of the degenerate wave-
length experiments. Recent experiments
of Butenhoff and Rohlfing (34) have dem-
onstrated that the sensitivity of TC-LIGS
is such that this technique can be success-
fully applied to transient species in molec-
ular beams. Butenhoff and Rohlfing have
investigated the application of TC-LIGS
to C; and SiC, after laser vaporization of
graphite or silicon carbide into supersonic
expansions.

The uses of four-wave mixing techniques
in molecular spectroscopy are just begin-
ning to emerge. It seems clear, however,
that the ability to conduct sensitive, high-
resolution spectroscopy on molecular tran-
sitions that are not easily probed with the
use of fluorescence or ionization techniques
can fill an important void in this field.
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Conclusions

The use of DFWM as a diagnostic tech-
nique is in the early stages of development.
However, its unique features, which in-
clude high spatial and temporal resolution,
sensitive detection of trace species by
means of electronic and vibrational transi-
tions, and a coherent signal beam, are
generating widespread interest. We have
described some applications in combustion
diagnostics as well as chemical physics, but
the potential applications have just begun
to be addressed. As the capabilities and
limitations of DFWM are better under-
stood, scientists and engineers in diverse
disciplines are likely to make increasing use
of this potentially powerful tool for probing
chemical systems.
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From Molecules to Cells: Imaging
Soft Samples with the Atomic
Force Microscope

M. Radmacher, R. W. Tillmann, M. Fritz, H. E. Gaub*

Since its invention a few years ago, the atomic force microscope has become one of the
most widely used near-field microscopes. Surfaces of hard samples are imaged routinely
with atomic resolution. Soft samples, however, remain challenging. An overview is pre-
sented on the application of atomic force microscopy to organic samples ranging from thin
ordered films at molecular resolution to living cells. Fundamental mechanisms of the image
formation are discussed, and novel imaging modes are introduced that exploit different
aspects of the tip-sample interaction for local measurements of the micromechanical
properties of the sample. As examples, images of Langmuir-Blodgett films, which map the
local viscoelasticity as well as the friction coefficient, are presented.

T raditional microscopes use waves, such as
light or electrons, and suitable imaging
optics to create a two-dimensional projec-
tion of certain properties (such as the local
absorbency) of the object. In near-field
microscopes (1), a small probe is brought
into close proximity to the object and, by
guiding the probe over the surface, a three-
dimensional relief of the object is obtained
that reflects the nature of the local interac-
tion between the probe and the sample. In
the most prominent example of such micro-
scopes, the scanning tunneling microscope
(STM) (2), the probe is guided such that a
given tunneling current between probe and
the sample remains constant. In the atomic
force microscope (AFM) (3) (Fig. 1), force
fields between the probe and the sample are
used to guide the probe over the surface (4).
The use of forces has proved to be a general
approach and has made the scanning probe
techniques relevant to a wide range of
applications (5-14). It also allows imaging
of nonconducting materials under various
ambient conditions such as physiological
buffer solutions, making it a very promising
tool for life sciences (1, 15-22). The AFM
images reflect, in the widest sense, the local
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*To whom correspondence should be addressed.

1900

SCIENCE *

mechanical properties of the sample (14).
In the case of hard samples, the image is
dominated by the surface topology and the
tip geometry, whereas for soft samples the
viscoelastic properties of the sample con-
tribute significantly to the image formation
(23). As such, the AFM may be most easily
described as the instrumental evolution of
the tactile sense toward the delicacy and
dimensions of individual molecules.

Imaging with the AFM

Although the AFM shares essential features
with the profilometer (24), an established
instrument which measures the surface to-
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Fig. 1. (A) Schematics of an atomic force microscope with a beam bounce deflection sensor. Also

pology of hard surfaces by scratching it with
a stylus, the AFM has, like all near-field
microscopes, historically evolved from the
STM (2). Like the STM, the AFM uses
piezo ceramics to position the probe or
sample to an accuracy of fractions of atomic
diameters (25). In the AFM, the probing
tip is mounted at the end of a soft cantilever
spring, which is normally made by silicon
micromanufacturing (26). During imaging,
suitable electronics are used to guide the tip
over the surface such that the bend of the
cantilever, which is equivalent to the ap-
plied external force, stays constant. Al-
though there are various ways to measure
the deflection of the cantilever (5, 27), all
commercially available instruments do this
optically, either by interferometry or with
displacement sensors. The resulting image
is an isoforce relief of the sample. Although
at the first glance one is tempted to assume
that the stiffness of the cantilever would
limit the applicable force, it turns out that
the local forces between tip, sample, and
ambient play the dominant role. In general,
the long-ranged van der Waals attraction is
balanced by the hard-core repulsion be-
tween tip and sample. Additional contribu-
tions stem from Coulomb interactions (13,
28) and from structural forces, such as
hydration forces (29). When imaged in air,
the meniscus force of a wetting water film
may dominate the attraction. Because of
the different characteristic decay lengths,
the local forces can be only partially bal-
anced by retracting the cantilever. Because
of the long-range interactions, not only the
geometry of the tip at its very end but its
shape in the 10-nm scale becomes relevant
(30). Here a counterintuitive situation
emerges, that the sharper the tip is, the
lower the minimum force will be. When
the technique was introduced, tiny dia-
mond chips glued onto wire springs were
used. The sharpest tips are now grown onto
the integrated cantilever tips by electron
beam deposition (31) (see Fig. 1B). Besides
the drastically improved aspect ratio, such
tips also exhibit a much smaller curvature
radius (32), reaching values of 10 nm and
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outlined are the extensions for viscoelasticity imaging. (B) Carbon tip grown on top of the integrated

tip of an AFM cantilever (717).
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