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1. Introduction

Confocal and multiphoton microscopy [1, 2] are two
of the most powerful and popular high-resolution

imaging techniques in the life sciences. Their range of
applications has greatly expanded since the develop-
ment of genetically encoded fluorescent probes such
as GFP and its variants, giving the possibility to visua-

The performance of a confocal microscopy setup based on
a single femtosecond fiber system is explored over a broad
range of pump wavelengths for both linear and nonlinear
imaging techniques. First, the benefits of a laser source in
linear fluorescence excitation that is continuously tunable
over most of the visible spectrum are demonstrated. The
influences of subpicosecond pulse durations on the bleach-
ing behavior of typical fluorophores are discussed. We
then utilize the tunable near-infrared output of the femto-
second system in connection with a specially designed
prism compressor for dispersion control. Pulses as short as
33 fs are measured in the confocal region. As a conse-
quence, 2 mW of average power are sufficient for two-
photon microscopy in an organotypic sample from the
mouse brain. This result shows great prospect for deep-tis-
sue imaging in the optimum transparency window around
1100 nm. In a third experiment, we prove that our compact
setup is powerful enough to exploit even higher-order non-
linearities such as three-photon absorption that we use to
induce spatially localized photodamage in DNA.

Image of a pyramidal neuron in the CA1 region of the
hippocampus acquired by two-photon microscopy
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lize simultaneously multiple components of a living
specimen. Recently, a whole new set of yellow and
red fluorescent proteins has become available [3, 4].
Thus, multicolor experiments can be performed over
the entire visible spectrum. The light sources cur-
rently employed for fluorescence excitation in com-
mercially available scanning microscopes are either
continuous-wave (cw) lasers emitting at a single de-
fined wavelength for linear confocal microscopy, or
femtosecond Ti : sapphire oscillators providing wave-
lengths between 700 nm and 1100 nm for multiphoton
systems. However, the proliferation of multiphoton
microscopy is still hampered by the expense of these
systems. As an alternative, femtosecond Cr : forsterite
lasers [5] have been employed, but they are not easy
to operate due to the poor thermal properties of the
gain medium. Moreover, optical parametric oscilla-
tors (OPOs) expand the available wavelength range
of existing femtosecond lasers [6, 7]. In terms of stabi-
lity, compactness and handling, fiber lasers seem to be
a perfect irradiation source for microscopy. Third har-
monic generation (THG) microscopy [8] has been
carried out with femtosecond Er : fiber lasers, which
can be built from standard telecommunication com-
ponents. Sources with Yb-doped gain media provide
high average power levels. The disadvantage of these
devices as compared to the Ti : sapphire system is
their small tuning range. One approach to extend the
spectral coverage is to use supercontinuum genera-
tion in photonic crystal fibers (PCFs) [9–13] or ta-
pered fibers [14, 15]. This possibility has been
exploited with Ti : sapphire oscillators [10–12, 14] as
well as with Yb-based sources [9, 15]. Due to the ne-
cessity to shift the zero-dispersion point of the non-
linear fiber close to the pump wavelength, lasers op-
erating in the region below 1.2 mm have to rely on
fibers with very small waveguide diameters.

In the present work, we describe a confocal mi-
croscope setup for linear and nonlinear imaging
equipped with an Er : fiber femtosecond light source
that features ultrabroadband emission and short

pulse durations at moderate average powers. The en-
tire system is compact, resistant, and produces a
highly stable output with excellent noise perform-
ance. Furthermore, it is widely tunable in the near-
infrared and visible spectral range.

After characterization of our setup, we present
first applications including imaging of cells and tis-
sues expressing the novel red fluorescent proteins
mCherry and dTomato as well as the induction of
nanoscale DNA damage by multiphoton absorption.

2. Experimental Setup

We have built a wide-band excitation source for scan-
ning microscopy consisting of an Er : fiber laser, fre-
quency-conversion schemes and an optimized disper-
sion management system (see schematic in Figure 1).
Its basis is a mode-locked erbium-doped fiber laser os-
cillator with a single-pass amplifier [16]. After com-
pression to 60 fs employing a silicon prism sequence, it
delivers a pulse train at a wavelength of 1.55 mm with
an average power of 300 mW at a repetition rate of
107.7 MHz (fundamental). Pulses as short as 200 fs
are generated around a wavelength of 775 nm via fre-
quency doubling in a fan-out poled MgO : LiNbO3

crystal with an average power of 120 mW (second har-
monic) [17]. Generation of the fourth harmonic in a
bismuth borate (BiBO) crystal results in 3 mW of ra-
diation at a wavelength of 390 nm [18].

To implement tunable excitation light, the center
wavelength of 1.55 mm is coupled into a highly non-
linear fiber generating output spectra with two
broadband maxima. The spectral shift, and thus the
exact wavelength interval covered by the two peaks
is controlled by adjusting the chirp of the input pulse
[19]. Here, only the short wavelength part is
exploited to yield tunable peak wavelengths in the
range from 0.98 mm to 1.4 mm with an average power
of 30 mW (Tunable NIR).
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Figure 1 Schematic of the ultra-
wideband confocal microscopy sys-
tem: The available wavelengths,
power levels, pulse durations and
compression strategies are dis-
played. Si-PC, silicon prism com-
pressor; SF11-PC, SF11 prism
compressor.
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Finally, frequency doubling of the tunable NIR in
a fan-out poled MgO : LiNbO3 crystal yields visible
radiation from 490 nm to 700 nm with an average
power as high as 9.5 mW (tunable VIS) [20].

The excellent noise performance of this setup is
demonstrated in Figure 2. Here the spectral noise
density is plotted versus frequency. As examples, we
display data from the laser tuned to 547 nm and
633 nm, respectively. The amplitude noise level of
the visible radiation is as low as 10�6 Hz�1/2 in the
frequency regime above 20 Hz, despite the fact that
it is effectively generated in a nonlinear optical pro-
cess of 6th order. Consequently, even better noise
performance is achieved for other wavelengths
where nonlinear conversion of lower order is in-
volved.

Our setup also features a tool to efficiently pre-
compensate the dispersion due to the optical compo-
nents within the microscope and obtain maximal
peak intensities in the focal plane. In the near-infra-
red, excellent results are obtained with a simple
prism compressor. For pulses between 1040 nm and
1300 nm (in contrast to the typical Ti : sapphire wa-
velengths around 800 nm), prism materials may be
found that not only allow for the compensation of
group-velocity dispersion, but also minimize the in-
fluence of third-order dispersion. Via numerical si-
mulations, we designed an SF11 compressor with a
tip-to-tip distance of 37 cm. This tool delivers extre-
mely short pulse durations (33 fs) in the focal plane
that are limited solely by the geometric pulse time
delay [21] of the microscope lens.

As we shall see, longer pulses are preferred for
linear fluorescence excitation because of less pro-
nounced bleaching. We therefore stretched the pulse
length of the tunable visible radiation to 1 ps by se-
lecting an appropriate length of the nonlinear crystal
for frequency conversion [20] and subsequent cou-
pling into the microscope via a single-mode fiber (fi-
ber stretcher).

The illumination source presented here offers ex-
citation light for a variety of imaging techniques. The
fundamental laser output at 1.55 mm may be exploited
for THG microscopy [8, 22]. The second harmonic
(775 nm) is in the spectral range of a Ti : sapphire os-
cillator, for which many applications have been de-
scribed already [23]. The tunable NIR (0.98 mm to
1.4 mm) can be employed for two-photon excitation
of red-shifted dyes whose excitation wavelengths fall
beyond the range of Ti : sapphire systems. SHG and
THG microscopy have also been demonstrated in
this wavelength regime [24, 25]. The tunable visible
radiation offers free choice of excitation wavelength
between 490 nm and 700 nm for linear confocal mi-
croscopy.

The laser was integrated into an LSM 5 Pascal
scanning confocal microscope from Carl Zeiss Mi-
croImaging GmbH. The filters and the beam combi-
ner were modified for near-infrared and multiphoton
applications. The visible and the ultraviolet are deliv-
ered via a single-mode fiber. The infrared wave-
lengths are coupled in directly via a free-space port.

3. Results and discussion

3.1 Pulse characterization in the focal plane

Ultrashort light pulses passing through a microscope
broaden in time due to the dispersion of filters and
lenses. Since nonlinear excitation is influenced by
pulse duration, with shorter pulses yielding stronger
signals, it is mandatory to characterize the pulse
width in the focal plane of the microscope objective.
This measurement was performed via second-order
interferometric autocorrelation. Two-photon absorp-
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Figure 2 Spectral noise density for the femtosecond fiber
laser tuned to two different wavelengths (547 nm and
633 nm), rms: root mean square.
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Figure 3 Second-order autocorrelation measured in the fo-
cal plane of an Achroplan 40�/0.8 W objective lens. The
figure shows the interferometric autocorrelation (black)
and corresponding intensity autocorrelation (red). The re-
trieved FWHM of the pulse is 33 fs. The center wavelength
was 1210 nm with a bandwidth of 110 nm.

55



tion in direct semiconductor photodiodes serves as
the autocorrelation signal [26, 27].

An interferometric autocorrelation trace demon-
strating a pulse duration as short as 33 fs at a center
wavelength of 1210 nm measured in the focal plane
of a 40� Zeiss Achroplan NIR objective lens (NA
0.8, water immersion) is displayed in Figure 3. A simi-
lar result was obtained with a 40� Zeiss EC Plan-
Neofluar objective lens (NA 1.3, oil immersion). Note
that the dispersion of the entire microscope contain-
ing filters, beam expander, scan optics and objective
lens is effectively compensated up to third order.

Figure 4 shows the wavelength dependence of the
pulse durations as measured for the two objective
lenses mentioned above. The tunable infrared in-fo-
cus pulse width is shorter than 60 fs over the entire
wavelength region from 1040 nm to 1300 nm due to
dispersion compensation with the optimized SF11
prism compressor.

3.1 Tunable linear excitation with
picosecond light pulses in the visible range

One distinguishing feature of our instrument is that
it allows for free selection of excitation wavelength
between 490 and 700 nm. Linear confocal imaging in
this region is usually performed with fixed Arþ-ion
and helium-neon (HeNe) laser lines at 488 nm,
514 nm, 543 nm, 594 nm, or 633 nm. On the one
hand, this fact limits the choice of the fluorophore,
on the other hand, it results in many fluorophores
being excited in the trailing edge of their absorption
spectrum. Therefore, more laser power is required
to achieve satisfactory emission signal intensity,
thereby increasing background effects, photobleach-
ing, and phototoxicity.
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Figure 4 Measured pulse duration (FWHM) in the focal
plane versus wavelength for two different objective lenses:
Zeiss EC Plan-Neofluar 40�/1.3 oil objective lens (trian-
gles) and Zeiss Achroplan NIR 40�/0.8 W objective lens
(circles).

Figure 5 Images of a bovine pulmonary artery endothelial
cell (Fluocells #1, Molecular Probes) obtained under differ-
ent illumination conditions. Mitochondria are labeled with
Mitotracker Red. (A) CW excitation (HeNe) lex ¼ 543 nm,
P ¼ 40 mW (B) and (C) Pulsed excitation, (B) lex ¼ 543 nm,
P ¼ 44 mW, (C) lex ¼ 560 nm, P ¼ 33mW. Power levels (P)
were measured at the sample. Objective lens: Zeiss EC
Plan-Neofluar 40�/1.3 oil.
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Matching the excitation wavelength to the ab-
sorption optimum of a fluorophore might allow re-
duction of the power of illumination without degra-
dation of signal intensity and image quality. To test
this prediction we imaged bovine pulmonary en-
dothelial cells labeled with the mitochondrial dye
Mitotracker Red. The maximum of absorption of
Mitotracker Red is at 578 nm. It is evident from Fig-
ure 5 that the laser power can be reduced by 25% if
the dye is excited at 560 nm instead of 543 nm with-
out any loss of information.

In order to compare photobleaching in cw and
pulsed excitation, we recorded the fluorescence emis-
sion from HeLa cells expressing mCherry as a func-
tion of integrated excitation dose. The results are dis-
played in Figure 6. We observed a more pronounced
bleaching with the Er : fiber laser as compared to the
cw-HeNe laser when both systems operated at the
wavelength of 543 nm set by the green HeNe line
and with the same average power of 40 mW at the
sample. We then tuned the Er : fiber laser to the ab-
sorption maximum of mCherry at 587 nm while
keeping the laser power constant. Under these con-
ditions, more molecules are excited as compared to
illumination at 543 nm. Quite unexpectedly, we ob-
served a significant decrease of bleaching. This ob-
servation was further improved by lowering the laser
power to 24 mW (same excitation rate as 40 mW at
543 nm). In this case, the same photobleaching rates
were found for cw- and pulsed-excitation.

The mechanisms underlying photobleaching are
quite complex and not fully understood. When com-
paring the effects of cw and pulsed excitation it is
crucial to keep in mind the relative time scales of
the involved processes.

If the main source of photobleaching involves a
triplet state, then we would expect similar bleaching

rates for cw and pulsed excitation, since the inter-
pulse distance is much shorter than typical triplet
lifetimes [28]. In contrast, relaxation from an excited
singlet state is in the range of many picoseconds to a
few nanoseconds. If the light pulse used for excita-
tion is substantially shorter than the singlet lifetime,
as in our experiments, the probability for excited-

0 2 4 6 8 10
0

0.5

1.0

n
o
rm
a
liz
e
d

a
v
e
ra
g
e
in
te
n
s
it
y
(a
.u
.)

pixel dwell time (ms)

cw HeNe
Er pulsed 1
Er pulsed 2
Er pulsed 3

Figure 6 Temporal bleaching behavior observed with
HeLa cells expressing mCherry. The average intensity is
measured in a region of interest. Legend: cw HeNe, con-
tinuous wave helium-neon laser; Er pulsed 1, Er : fiber laser
tuned to 543 nm with 40 mW average power at the sample;
Er pulsed 2, 587 nm with 40 mW; Er pulsed 3, 587 nm with
24 mW. Objective lens: Zeiss EC Plan-Neofluar 40/1.3 oil.

Figure 7 Image of a pyramidal neuron in the CA1 region
of the hippocampus acquired by two-photon microscopy.
(A) Overview (maximum intensity projection) showing
the cell body. (B) Blow up of the region marked in (A).
Arrowheads indicate the position of dendritic spines. Exci-
tation power at the sample was P ¼ 3 mW, excitation wa-
velength lex ¼ 1070 nm, pulse duration tP ¼ 40 fs. Objec-
tive lens: Zeiss EC Plan-Neofluar 40�/1.3 oil.
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state absorption into a higher electronic state with
high chemical reactivity is significantly enhanced.
Therefore, we regard excited-state absorption as the
major mechanism of photobleaching in our case.

Spectral variations of excited-state absorption
most likely account for the differences that we ob-
served in photobleaching between pulsed excitation
at 543 nm and 587 nm. Based on these considera-
tions we would predict that the bleaching caused by
our pulsed laser becomes comparable to a cw source
with identical wavelength and average power if the
pulses are stretched to durations of the order of the
fluorescence lifetime of the fluorophore under exam-
ination (e.g. using a highly dispersive fiber). For ex-
ample, Eggeling et al. [29] found no difference in
bleaching between cw and pulsed excitation of rho-
damine 6G with pulses of a duration of 180 ps at a
repetition rate of 73 MHz.

3.3 Femtosecond nonlinear excitation
in the near infrared

The tunable femtosecond output in the infrared may
be exploited to excite novel fluorophores in complex
and turbid tissue samples via two-photon fluores-
cence microscopy. As an example, we demonstrate
two-photon images of organotypic slices from the

CA1 region of the mouse hippocampus (Figure 7).
Organotypic slice cultures were focally infected with
a modified Sindbis virus [30] expressing dTomato. To
our knowledge, these are the first two-photon
images of tissue labeled with this new fluorescent
protein that has its linear absorption maximum at
554 nm. In the overview image, a cell body and the
emanating dendrites are visible. We were able to de-
tect single dendritic spines (Figure 7B), which are
small submicrometer membrane protrusions along
the dendrites involved in synaptic plasticity. Since
the near-infrared excitation wavelength of 1070 nm
exhibits low water absorption and scattering, negligi-
ble degradation in spatial resolution was found over
the entire sample thickness of 60 mm. Unexpectedly,
only 2 mW of laser power at the sample were suffi-
cient to obtain high-resolution two-photon images.
This finding is due to the extremely short pulse dura-
tions achieved by the optimized dispersion compen-
sation. We want to emphasize that these images
were recorded via descanned detection. Using a non-
descanned detection pathway, as normally employed
in two-photon microscopes, will allow further reduc-
tion of excitation power.

The high efficiency of our system in nonlinear
photochemistry is demonstrated by the generation of
DNA lesions with high spatial resolution. DNA has
a strong linear absorption band in the UV region
with a maximum around 260 nm. The main defects

Figure 8 (A, B) Epifluorescence image
of HeLa cell nuclei containing CPDs.
(A), chromatin was counterstained with
Hoechst 33342. (B), HeLa cell nuclei
stained with a-CPD-antibodies (Alexa
488). The irradiation conditions for
CPD induction were: 12 mW average
power at the sample, lC ¼ 773 nm,
tP ¼ 183 fs. The pixel dwell time was
25 ms. The objective lens was a Zeiss
oil immersion 40� EC-Plan-Neofluar
N. A. 1.3. (C, D) Image of a HeLa cell
nucleus labeled with a-PAR-antibodies.
Image (C), chromatin staining with
Hoechst 33342. Image (D), a-PAR-
antibody staining. Irradiation param-
eters: P ¼ 16 mW, lC ¼ 1040 nm,
tP ¼ 70 fs, pixel dwell time 32 ms.
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induced by irradiation at this wavelength are cyclo-
butane pyrimidine dimers (CPDs). On the other
hand, if cells are sensitized by incubation with 5-bro-
mo-20-deoxyuridine (BrdU) prior to irradiation, UV
light can lead to DNA photolysis [31]. If sufficient
photon density is provided, the same photochemical
reactions may be triggered by two- or three-photon
absorption of near-infrared light [32]. The advantage
of infrared-triggered nonlinear photochemistry is the
spatial confinement of the damage in all three di-
mensions. This feature is crucial for the study of
DNA repair processes and the recruitment of repair
proteins.

Figure 8(A, B) demonstrates the induction of
CPDs in cellular DNA by three-photon absorption.
The live cells were irradiated along a single line with
777 nm pulses from the Er : fiber laser with an aver-
age power at the sample of 12 mW. The beam was
focused by a Zeiss 40-EC-Plan-Neofluar 1.3 oil ob-
jective. The pulse duration was shorter than 200 fs
and the pixel dwell time 25 ms. The cells were fixed
immediately after irradiation and labeled with a
monoclonal antibody specific for CPDs. The distribu-
tion of the damage along the path of the laser beam
within the nuclei is clearly visible. The dimensions of
the smallest damage we could induce were:
(600 � 10) nm FWHM in the lateral direction and
(1.69 � 0.19) mm FWHM in the axial direction, cor-
responding to a sub-femtoliter excitation volume.

Finally, in Figure 8(C, D) we have exploited sen-
sitization with BrdU to induce DNA strand breaks
with the NIR excitation tuned to 1040 nm. The nu-
clei of live HeLa cells were irradiated along two
lines crossing at a right angle in the middle of the
nucleus. The average power at the sample was
16 mW and the pixel dwell time 32 ms. The cells
were fixed immediately after irradiation and DNA
breaks were indirectly visualized by an antibody spe-
cific for poly(ADP-ribose). This is a posttranslational
protein modification that is efficiently induced as a
consequence of DNA strand breaks [33]. Foci of
poly(ADP-ribose) are visible along the irradiated
lines. The highest level of modification is observed
around the crossing point of the two lines.

4. Conclusion

In this study, we have developed a versatile scanning
microscope system equipped with an advanced fem-
tosecond fiber laser and efficient dispersion manage-
ment correcting for second- and third-order effects.
As a result, sub-40 fs pulses are provided in the focal
plane of an objective lens with high numerical aper-
ture. The entire setup is robust in operation with ex-
cellent noise performance and negligible drift. These
features are central in applications where high scan-

ning rates and/or long illumination times are re-
quired. The available wavelength range is extended
beyond 1 mm, a region that promises deeper sample
penetration [6, 34] and lower photodamage as com-
pared to excitation around 800 nm. Therefore, our
microscope has high potential for intravital applica-
tions. Despite its compactness, it provides sufficient
power levels to perform 3D-confined photomanipu-
lations in living cells, as demonstrated by the three-
photon induction of UV-photoproducts and DNA
strand breaks. Regarding linear fluorescence excita-
tion, the central advantage of our microscope is con-
tinuous tunability in the visible range. Here, we de-
monstrate that by tuning the excitation wavelength,
the irradiation conditions for fluorophores may be
optimized in terms of photostability.
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