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Opening New Windows
In Biology

Ultrafast Optics

Jeff Squier

Figure 1.Third-harmonic optical sections of a fixed neuron.The sections are sepa-
rated by 2 µm. A wavelength of 810 nm was used for excitation; the third-harmon-
ic signal was at 270 nm. Each image of 300 x 300 pixels took 30 seconds to record.

Dvir Yelin, Weizmann Institute of Science



U ltrafast lasers have matured to the
point that scientists unfamiliar
with ultrafast technology can

purchase reliable “plug-and-play” lasers
for application in their own areas of ex-
pertise. These next-generation sources,
which eliminate the need for users to be-
come intimately acquainted with ultrafast
optics, have significantly broadened the
application base of ultrafast lasers. No-
where is this trend more evident than in
the application of ultrafast science to biol-
ogy and medicine.

While the use of ultrafast lasers in biol-
ogy and medicine dates from the incep-
tion of mode-locked lasers, only recently
have many of the applications gained mo-
mentum thanks to the reliability, and the
commercial availability, of ultrafast light
sources. One of the most successful exam-
ples is two-photon absorption (TPA) fluo-
rescence microscopy.1 Commercial TPA
systems are now used throughout the
world for biological and medical studies.
The success of TPA is twofold: first, there
is absolute value in its application (it is an
enabling technology that is allowing bio-
logical studies that could not have been
performed using any other method); sec-
ond, it has helped drive the development
of compact, maintenance-free, ultrafast
lasers. TPA microscopy systems are now
routinely used by scientists who need give
little or no thought to what occurs in the
“black box” that constitutes the pulsed
light source. Optical coherence tomogra-
phy and laser eye surgery with ultrafast
sources are examples of applications that
exemplify this type of symbiotic relation-
ship, in which the technology aids the ap-
plication, while the application drives the
development of ultrafast technology.

On the horizon are many new applica-
tions of ultrafast science to problems in
medicine and biology (far too many, in
fact, to be discussed in a single article). As
in the case of TPA, the absolute value of
using ultrafast technology in these appli-
cations is not necessarily the ability to
time-resolve fast dynamics, but rather the
ability to selectively discriminate struc-
tures of interest and to provide quantita-
tive information on biological function in
the natural, biological environment. This
final point is particularly crucial—to pro-
duce convincing evidence of a given phys-
ical phenomenon, the measurements must
be made under relevant physiological 
conditions.

One example of how three-dimension-
al (3D) structure and function in low-con-
trast biological systems may be studied
with ultrafast lasers in a relatively nonin-
vasive fashion is the use of third-harmon-
ic generation microscopy, a technique pio-
neered by Yaron Silberberg of the Weiz-
mann Institute of Science in Israel.2 Under
the high numerical aperture conditions
found in microscopy, the Gouy phase shift
effectively inhibits third-harmonic genera-
tion. Thus, when an ultrafast laser pulse is
tightly focused by the microscope objec-
tive within a homogenous portion of the
specimen, little or no third-harmonic pro-
duction results. But when the beam strikes
a boundary within the specimen (bound-
ary being a change in index of refraction
or nonlinear susceptibility) a large third-
harmonic signal manifests itself. The fun-
damental and third-harmonic can be easi-
ly discriminated from one another, which
allows the third harmonic to be used as a
signal that provides background-free im-
age contrast.

The cubic intensity dependence of the
third harmonic effectively restricts signal
production to the focal point of the mi-
croscope objective in much the same man-
ner as fluorescence emission is restricted
in TPA microscopy. For a typical high nu-
merical aperture optic, this results in a 3D
resolution of roughly one cubic microme-
ter. As a result of these characteristics,
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Figure 2. 3D THG (left) and TPA (right) image of a
plant cell. Both the side views and the top views
are shown.

Jürg Aus Der Au and Virgis Barzda, University of California, San Diego



THG microscopy quite naturally results in
a sectioned, 2D image of the specimen. An
example of THG images taken in this
manner (provided by Dvir Yelin of the
Weizmann Institute) is shown in Fig. 1.
The resulting images are similar to those
that might be obtained using a confocal
imaging system, yet are made without the
complications of pinhole detection or flu-
orescent labeling. In fact, as a result of the
localized production of third harmonic,
even scattered third-harmonic photons
are collected and contribute to the image.
A 3D image can be created from these sec-
tions by careful rendering of successive 2D
images (Fig. 2).

Clearly, one of the interesting aspects of
this technique is that extremely low-con-
trast boundaries become visible without
having to use fluorophores as a label. An
added complexity associated with the use
of fluorophores is that they bleach and are
often toxic. Based on knowledge of these
simple properties, it is easy to imagine a
few biological problems that THG mi-
croscopy might help address. For instance,
suppose one wanted to watch the 3D evo-
lution of a microscopic biological system
over a period of hours. Traditional fluores-
cence techniques would be limited by
bleaching—the development becoming
more difficult to follow as the image slow-
ly faded. THG, however, is based on the
presence of an interface which renders it
non-bleaching, enabling the researcher to
repeatedly address a given point within the
system without a subsequent reduction in
image contrast. Ironically, perhaps slow
dynamics might best be viewed with an ul-
trafast source!

As stated previously, generation of the
third-harmonic signal is necessarily a
highly intensity-dependent process. This
means that the specimen will be subjected
to intensities of 100 GW/cm2 or greater,
which could prove detrimental to the bio-
logical system of interest. Notably, third-
harmonic generation microscopy can be
performed at the same intensities as TPA
microscopy, so that many of the intensity-
dependent damage studies of biological
systems for the case of TPA imaging should
be relevant here as well. Future applica-
tions will most likely find the two tech-
niques working together, since the third-
harmonic signal is always present when
TPA microscopy is performed, providing
complementary information. Figure 3 is
an example of just such an image showing

third-harmonic signals (purple) and two-
photon absorption fluorescence emissions
(green) in a fixed neuron sample.

Notably, quantitative information can
also be extracted from THG images. Julian
Schins of the University of Amsterdam has
recently demonstrated that material prop-
erties of layered structures can be extract-
ed using THG microscopy.3 The first ex-
ample of “functional” THG imaging has
also been demonstrated recently by Lau-
rent Sarger’s group at the Centre National
de la Recherche Scientifique in France,
which recorded images of calcium activity
in glial cells.4

The optical Kerr effect
microscope
There are, of course, also important bio-
logical processes that, in fact, do take place
on an ultrafast timescale (<100 ps), and in
which the time resolution of the ultrafast
laser source is of critical importance. An
interesting example of using ultrafast
lasers to probe these ultrafast dynamics,
again without the addition of a fluo-
rophore label, has recently been demon-
strated by Eric Potma from the group of
D. A. Wiersma at the University of Grön-
ingen. Potma has developed the optical
Kerr effect (OKE) microscope for probing
intracellular water dynamics.5 The basic
system geometry is illustrated in Fig. 4.

The OKE microscope generates “image
contrast” through a pump-probe tech-
nique that time-resolves the optical Kerr
effect signal that, in turn, relates to the
mobility of the water molecules. First, an
intense pump pulse induces a birefrin-
gence in the medium. The induced bire-
fringence is analyzed by a probe pulse that
is rotated by 45° with respect to the plane
of the pump pulse. By repeating this meas-
urement as a function of time delay be-
tween the pump and the probe, a time se-
ries that measures the decay of the Kerr ef-
fect is recorded. Average laser powers on
the order of 100 µW for the pump beam
and 30 µW for the probe beam are used.
These are extremely modest average pow-
ers compared to the 1-30 mW average
powers required in other forms of nonlin-
ear microscopy with ultrashort pulses.

Development of the OKE microscope
was motivated by the biologically relevant
question of how—if at all—the mobility
of water molecules is affected in an intra-
cellular environment. The absolute value
of the ultrafast laser in this experiment is
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Figure 3. Combined THG and TPA image of fixed
neurons. The cell nucleus is labeled with DAPI,
which produces the green TPA fluorescence.The
purple is the THG signal.The excitation wavelength
was 810 nm.

Dvir Yelin, Weizmann Institute of Science

An interesting aspect of
this technique is that 

extremely low-contrast
boundaries become visible 

without the need to use  
fluorophores as a label.



that it enabled high spatial resolution 
(0.5 µm lateral, 4.0 µm axial, the nonlin-
earity being efficiently driven by the short
pulse in the tight focusing geometry) to be
combined with high temporal resolution
(< 1 ps). In this case, the high temporal
resolution not only functions as a meter of
a dynamic event, it makes it possible to
isolate the desired measurement (the in-
trinsic water mobility) from other, slower
diffusion processes that can mask the phe-
nomena being measured: because earlier
measurements made by other methods
lacked either spatial or temporal resolu-
tion, the number measured represented a
convolution of several events, making it
more difficult to interpret the true mean-
ing of the final measurement.

Initial findings
To date, time-resolved measurements have
been performed with the OKE microscope
in intact mammalian cells, and in pure wa-
ter as the control.5 These studies revealed
that, compared to the case of pure water,
the Kerr decay was reduced by a factor of
1.7, a finding which indicates the reduced
mobility of water molecules within the
cellular environment. Again, part of the
beauty of these measurements is that
quantitative information on cell function
was made at high spatial and temporal res-
olution under true physiological condi-
tions, without the complication of any
type of labeling scheme.

OKE and THG microscopy are predat-
ed by coherent anti-Stokes Raman scatter-
ing (CARS) microscopy, one of the first
forms of imaging with ultrashort pulses.
In 1982, Duncan et al.6 demonstrated that
molecular specificity and image contrast
could be achieved with high spatial resolu-
tion by using molecular vibrations to pro-
vide image contrast in the microscope. It is
only now, nearly twenty years after the first
pioneering CARS imaging experiments,
that this method is becoming a viable tool
for biology. Once again, this may be attrib-
uted in part to the development of lasers.
CARS requires the synchronization of two
picosecond lasers that—under optimal
conditions—are also tunable. Solid-state
ultrafast laser technology such as Ti:sap-
phire provides unprecedented tunability,
and a variety of schemes are readily avail-
able for providing fully synchronized
pump and Stokes beams.

This point can be further illustrated by
the following quotation from a recent arti-

cle by Zumbusch et al. that appeared in
Physical Review Letters.7 “Most impor-
tantly, the use of near-infrared laser 
pulses generated by a Ti:sapphire laser 
(~ 855 nm) and an optical parametric os-
cillator/amplifier (~1.2 µm) allows a sig-
nificant improvement in signal-to-back-
ground ratio in CARS detection.” Notably,
Zumbusch and coworkers recognized that
by using a near-IR laser, the nonresonant
CARS background that limited earlier ex-
periments could be significantly reduced.
Thus, high-resolution 3D sectioning in
CARS was achieved for the first time.

The epi-detected CARS 
microscope
A second example of how CARS imaging
has recently been improved is the develop-
ment of the epi-detected CARS micro-
scope, demonstrated by the group of Sun-
ney Xie at Harvard.8 In the previous exam-
ples regarding THG and OKE microscopy,
the coherent imaging methods involved
required that the imaging signal be ac-
quired in the forward direction. THG and
OKE microscopy are examples of trans-
mission microscopies. Standard CARS im-
aging is also a form of transmission mi-
croscopy. What the Xie group realized is
that when the size of the scatterer is small-
er than the wavelength of the anti-Stokes
light, an appreciable signal traveling in the
back-scattered direction should be de-
tectable. This finding is significant for sev-
eral reasons. First, it simplifies microscope
design: a standard microscope that uses a
single objective for both excitation and de-
tection can be used. Second, and more im-
portantly, it results in a further reduction
of the nonresonant CARS background:
small particles can be detected in solvents
with large background signals. An epi-
CARS image is shown in Fig. 5.
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Figure 4. System schematic of the OKE micro-
scope.

Eric Potma, University of Gröningen



Inroads into understanding biological
function with ultrafast lasers are not being
paved exclusively through imaging. Spec-
troscopic techniques and formalisms de-
veloped by the ultrafast physical chemistry
community are being applied in biological
laboratories to answer a broad range of
fundamental problems. Again, the success
of these experiments (and their continued
application) in biological laboratories is
weighted by the reliability of complex ul-
trafast oscillator/amplifier systems and
frequency conversion systems. The ab-
solute value of the application of ultrafast
lasers to these problems is their ability to
provide dynamic information under phys-
iological conditions. For example, there is
an extensive body of work relating to pro-
tein structure, but the majority of this in-
formation is based on static measure-
ments. Meanwhile, our current under-
standing of biological function continues
to suggest that the protein plays a very dy-
namic role in these processes. The ability to
make dynamic measurements of proteins
is therefore both important and relevant.

Three-pulse photon echo 
spectroscopy
One possible approach to measuring dy-
namic protein motion is to use ultrafast x
rays. But ultrafast x-ray sources still face
several technological challenges and im-
pose many limitations on sample prepara-
tion. Alternatively, optical nonlinear spec-
troscopy techniques can be applied. An ex-
ample of such work is the recent measure-
ment of the flexibility of an antibody-
binding site by Ralph Jimenez and
coworkers at the Scripps Research Insti-
tute in LaJolla, California.9 Specifically,
these experiments are designed to help an-

swer the question of what mechanism/
model an antibody uses to bind to an anti-
gen. The answer is fundamental, for exam-
ple, to addressing problems in immunolo-
gy, where to provide adequate protection
to the host, a finite number of antibodies
must be able to bind to a vast number of
foreign molecules. Experimentally, the re-
searchers used three-pulse photon echo
spectroscopy to analyze the response of an
antibody complex to an impulsive force.
In this approach, the instantaneous force
is optically initiated by a short pulse,
which in turn makes it possible to interro-
gate and characterize the protein response
with short pulses that are fully synchro-
nized with the start pulse. In this instance,
the laser pulses are 40 fs in duration cen-
tered at 400 nm and are produced by fre-
quency doubling the output of a 5 kHz
chirped-pulse-amplification Ti:sapphire
system. This optical system and method of
nonlinear optical spectroscopy provide a
level of detail that cannot be achieved to-
day by other means. For instance, standard
linear optical techniques do provide a
measure of the protein flexibility, but it is a
complicated superposition that does not
provide the detail necessary to help dis-
criminate between possible models of pro-
tein-binding mechanisms. Nonlinear tech-
niques, on the other hand, are by their very
nature sensitive to high-order displace-
ments and can be used to break this super-
position.

It is hoped that these examples have
helped illustrate a few key points. First, ul-
trafast optical science can and will contin-
ue to play an important role in furthering
our understanding of biological processes.
The practical value of the application of
ultrafast science to these problems is that it
enables static and dynamic measurements
to be made within living systems. There is
absolute value in these measurements as
well: they simply cannot be made using al-
ternative technologies. Second, continued
success and growth in this area should
stimulate optical innovation that will fur-
ther reduce the cost and complexity of ul-
trafast laser sources while simultaneously
enhancing their reliability and capabilities.

The references to this article appear on p. 60,
OPN's reference page.
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Figure 5. Simultaneous forward-detected and epi-
detected CARS images of a NIH/3T3 cell. The
bright spots in the epi-detected CARS image are
vesicles arising from the fragment of the nuclear
membrane and the endoplasmic reticulum. Images
were acquired in 32 seconds.

Ji-Xin Cheng, Harvard University


