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Nonlinear Microscopy with the Femtolite™ Fiber Laser

Ultrafast lasers have revolutionized the field of microscopy
by enabling new types of nonlinear microscopy techniques.
Femtosecond pulse lasers provide the ideal combination of
high peak power (1-100 kW) and low average power (10-
1000 mW) for utilizing nonlinear optical processes in
scanning laser microscopy (LSM).

Figure 1 Stereo two-photon fluorescence images of convallaria pollen

The majority of LSM work is done using normal, single-
photon fluorescence using blue and green laser sources.
However, nonlinear microscopy, offers certain advantages
over single-photon methods:

(1) Natural sectioning without the need for a confocal
de-scanned aperture

(2) greater penetration depth in scattering media due to
use of longer wavelengths

(3) Reduced photo-toxicity due to smaller excitation
volume, resulting in longer viewing time of living cells
and organisms

It is these advantages which explain why multi-photon LSM
is enjoying growing popularity among researchers in biology,
medicine, and neuroscience. Here, we describe two
important varieties of nonlinear microscopy: two-photon
microscopy, and third-harmonic generation (THG) imaging.
We show images using these techniques with various types
of mode-locked fiber lasers.

Two-Photon Microscopy

Two-photon microscopy is based on a multi-photon process
in which two photons of similar wavelength are
simultaneously absorbed by a molecule which normally has
absorption at half the wavelength of the two photons used.
The molecule then loses its excitation and emits another
photon at a lower frequency (longer wavelength) than the
sum of the frequencies of the original absorbed photons.

For example, a dye such as Rhodamine has strong
absorption at green wavelengths (~530 nm), and
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subsequent fluorescence emission at longer wavelengths
(~600 nm). To excite two-photon fluorescence, one might
use laser pulses at a wavelength of 1060 nm. Although
there is virtually no absorption of 1060 nm light by the
normal single-photon absorption process, two photons of
1060 nm light can be absorbed simultaneously to give
essentially the same effect as exciting the Rhodamine
molecules with a single photon at 530 nm. This results in
fluorescence within the usual emission bands of the
molecule. However, unlike 1-photon fluorescence, where
the fluorescence yield is linearly proportional to the pump
intensity, the 2-photon fluorescence yield is proportional to
the square of the pump intensity, as seen in Equation 1.
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The coefficient for two-photon absorption is quite smaill,
requiring high peak power and a tight focus to drive the
process. It also results in highly localized excitation in the
focal spot waist of the beam, which gives the technique its
inherent sectioning ability.

Figure 2 A) Two-photon excitation fluorescence image of HTy cells

loaded with Indo-1 AM B) Differential interference contrast image
recorded simultaneously with the two photon excitation light
Courtesy of Roland Nitschke, Freiburg University

Ti:Sapphire lasers are the most popular source for two-
photon microscopy, due to their tunability (700-950 nm) and
high average power (~1 Watt). However, there are
numerous applications which do not require either the
tunability or the power. In fact, the amount of optical power
on-target at the sample should be less than 10 mW. Any
higher power can damage the sample and/or reduce its
lifetime. The higher powers of the lasers are used to
compensate the optical losses in the microscope system,
whose optics are usually optimized for the visible
wavelengths, as opposed to the NIR excitation wavelengths.
Additionally, a large number of fluorophores are available
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which provide a variety of functional imaging options, even
at a single wavelength.

Figure 2 shows Differential Interference Contrast (DIC) and
two-photon fluorescence images of HT o9 (human colon
carcinoma) cells taken in 1998 using an IMRA Femtolite A-
15 femtosecond fiber laser.” The cells were stained with
Indo-1 to reveal Calcium ion concentration and activity.
Images of other organisms have also been obtained without
staining via their natural auto-fluorescence. The
stereoscopic image in Figure 1 was constructed from 40
sections taken with the same two-photon LSM system, also
powered by the Femtolite A-15. One of the first
commercially available femtosecond fiber lasers, the
Femtolite A-15 provided 15 mW average power at 780 nm
with a pulse duration of 200 fs. Recent IMRA products
provide much improved performance in robust, compact
packages. For example, the Femtolite FX-100i provides
over 100 mW average power at 805 nm, with a footprint size
of only 14 x 10 cm .2

Third Harmonic Generation Imaging

An exciting new development in multi-photon microscopy
has been the demonstration of Third Harmonic Generation
(THG) microscopy.2 In this technique, laser pulses incident
on a specimen generate third harmonic radiation. This
process is normally not allowed in bulk, isotropic media due
to symmetry considerations. However, it is well known that
the symmetry is broken at surfaces between dissimilar
media, allowing the generation of harmonic radiation. Thus,
under intense illumination from a laser, the maximum
emission takes place at interfaces, which are often the most
interesting features. Figure 3 shows the basic optical
system, using laser illumination through the sample.
Because the THG light is generated in transmission, the
sample geometry is set up to re-collimate the THG light and
send it to the imaging camera. As with two-photon imaging,
this technique provides sectioning capability. Figure 4
shows sectioned images of leaf cells taken in third harmonic
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Figure 3 Schematic of THG microscopy system. Sample is set up in
transmission geometry. Optical filter after the sample eliminates the
pump light and passes the THG signal light
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generation using excitation pulses at 1560 nm, from a
Femtolite model B-35. Unlike fluorescence imaging, THG
imaging requires no staining with dyes, so photo-bleaching
can be eliminated, allowing researchers to view specimens
for several hours at a time.

Another wavelength region of great interest is the 1000-
1100 nm range. Compared with typical Ti:Sapphire
wavelengths in the 700-900 nm range, these longer
wavelengths fall in a window of higher transmission, and
they are also scattered less, thus giving a better window into
a number of different types of tissues. IMRA’s Ytterbium-
doped FCPA pJewel D-400 femtosecond fiber laser provides
400 mW average power at 1041 nm, making it a highly
suitable source for this type of microscopy.

Figure 4 Sectioned THG images of leaf cells taken using 1560 nm pulses
from a fiber laser

Courtesy of J. Squier, UCSD
Summary

Mode-locked femtosecond fiber lasers are an excellent light
source various types of nonlinear microscopy such as two-
photon LSM and third-harmonic generation microscopy.
IMRA’s Erbium- and Ytterbium-doped femtosecond fiber
lasers provide stable, high intensity pulses at several
wavelengths (780, 805, 1041, 1560 and 1620 nm), and their
small, robust form factor enables these imaging technologies
to be deployed in almost any environment.
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