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STED-SPIM made simple
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Abstract: We report the development of a stimulated emission depletion
(STED) selective plane illumination (SPIM) microscope based on a single
diode-pumped solid state (DPSS) laser that simultaneously delivers
nanosecond-pulses at two wavelengths. The two wavelengths, 355 nm and
532 nm, are generated by harmonic conversion and they are used to induce
respectively excitation and stimulated emission depletion. This source
should allow a low-cost, compact, very efficient and simplified STED
scheme since the two beams are intrinsically aligned and synchronized.
Using a chromatic beam shaping device which leaves the excitation beam
unaffected and produces a donut-shaped STED beam, we demonstrate a
300% reduction of the light sheet thickness, together with an enhancement
of the sheet uniformity over larger field of view, at low STED power, in
Coumarin dye solution.

©2014 Optical Society of America
OCIS codes: (180.2520) Fluorescence microscopy; (180.0180) Microscopy.
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1. Introduction

Fluorescence microscopy is a basic tool for imaging cells and tissues. However, its lateral
spatial resolution is limited to approximately half the wavelength of light (200 to 300nm) due
to diffraction laws. Stimulated emission depletion (STED) is one of the emerging
superresolution techniques that have made it possible to overcome this barrier [1]. In a typical
STED microscope, the excitation beam is superimposed with a donut-shaped STED beam
which induces stimulated emission from the excited state of the fluorophore, thereby causing
its population to be depleted. Therefore, the fluorophores in the periphery of the focal spot are
kept in a dark state which reduces the size of the point spread function.

Although STED microscopy has reached resolutions down to a few tens of nanometers
[2], its experimental implementation remains complex, since two beams, generally from
different sources have to be coupled into the microscope and perfectly aligned. Moreover, if
pulsed lasers are used, additional electronic devices are needed to synchronize the pulses from
both sources. It is to be noted that no synchronization is required when continuous wave
(CW) lasers are used. Nevertheless it has been shown that CW depletion is less efficient [3],
so that a higher average power is required to achieve depletion. This is not desirable, since
photobleaching and phototoxicity are critical issues in STED microscopy especially when
imaging biological samples. STED has been demonstrated with Ti:Sa femtosecond lasers,
pulsed laser diodes [4], fiber lasers [5] and supercontinuum laser [6]. However, the excitation
and STED beams take different paths and have to be combined before entering the objective.
This critical alignment makes the microscope performance sensitive to any drift in the optical
setup, such as temperature variations. Therefore, we believe that a laser source providing two
wavelengths, which are intrinsically aligned, would be an interesting alternative for STED.

Selective Plane Illumination Microscopy (SPIM), combined with fluorescence detection
(also called Light Sheet Fluorescence Microscopy LSFM) has recently aroused a lot of
interest due to its good sectioning capabilities and its low toxicity in living samples [7].
Indeed, only a thin slice of the sample is illuminated and the fluorescence image is acquired in
the perpendicular direction. To create the illumination sheet, a laser beam is focused in only
one direction using a cylindrical lens or scanned in one direction after it is focused with a
regular spherical lens. One important limitation of this method is the difficulty to have
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simultaneously a thin sheet and a large field of view. This is simply because, for a focused
Gaussian beam, a narrow beam waist is associated to a short Rayleigh length. A partial
solution to this problem has been found in the use of Bessel and Airy beams [8—10]. However,
in these approaches, the side rings of the Bessel beam cause image blurring. It is possible to
solve this problem by using two photon excitation [8], this solution required costly lasers and
a complex microscope.

Recently it has been suggested that the STED principle can be integrated in Selective
Plane Imaging Microscopy (SPIM) [11,12], in order to enhance axial resolution while
maintaining a large field of view. However, up to now, no convincing experimental results
have been reported. Friedrich et al. [11] report a 60% resolution improvement. This modest
improvement is probably due to the mode of depletion by femtosecond pulses which is not
efficient enough at the maximum energy per pulse that can be attained.

The present work aims at demonstrating the efficiency of a STED-SPIM based on a single
laser which delivers both the excitation and the STED beams. Our source is a Q-switched Nd-
Y AG microchip laser, which is both compact and low-cost, and the sub-nanosecond pulses at
two wavelengths (355 nm and 532 nm) are produced by harmonic generation. These two
wavelengths have the advantage of being intrinsically synchronized and collinear since they
are generated from the same fundamental beam, which greatly simplifies the optical setup and
electronic apparatus. Moreover the temporal characteristics (sub-nanosecond pulse duration
and 20 kHz repetition rate) are particularly well-suited to STED microscopy since they allow
efficient depletion of organic dyes while minimizing photobleaching [13]

First, we present the main characteristics of our laser system and its advantages for STED
microscopy. Then, the suitability of this laser for STED is confirmed in dye solutions and a
method to experimentally measure the depletion efficiency at 532 nm is proposed and applied
to several fluorophores. The final section is devoted to the description of a STED-SPIM
prototype with preliminary results obtained in dye solutions.

2. A single laser for excitation and stimulation
2.1 Basic requirements

One objective of this work is the development of a laser that delivers both excitation and
stimulated emission. The idea is to start from a single laser which is subsequently frequency
doubled (by second harmonic generation) and tripled (by sum-frequency generation) using
non-linear crystals. The wavelengths created by frequency doubling and sum-frequency
generation are respectively used for fluorescence depletion and excitation. This approach has
several advantages. One requirement for STED experiment is that the excitation and STED
beam should perfectly overlap at the focus of the microscope. By using harmonic generation,
the STED beam contributes to producing the excitation beam, which ensures that they are
collinear and that their waists are virtually at the same position. Moreover, in this approach,
the excitation and STED pulses are necessarily synchronized in time since one is generated
from the other. In addition the harmonic generation can be considered as instantaneous at the
scale of the photophysical processes involved in the dyes and the delay between the pulses
can be neglected.

Most pulsed STED setups use a Ti:Sapphire oscillator which has a high repetition rate (80
MHz) and are relatively expensive and bulky. In addition, femtosecond regime, which
exhibits hight peak power, generates multiphoton transitions on endogeneous and
exhogeneous chromophors. To avoid this unwanted background, the pulses can be stretched,
but it complicates the optical design [14]. It has been shown that lower repetition rates are
advantageous for two reasons. First, inter-pulse duration longer than 1 ps allows triplet state
population to relax to the fundamental state. Thus photobleaching is reduced and the total
fluorophore emission is increased [15]. Second, at constant average power, the pulse energy is
higher for low repetition rates, which induces more efficient STED. Indeed, in many cases,
fluorescence inhibition essentially scales with the total photon fluence of the STED pulse
[16].
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For these reasons, diode pumped solid state (DPSS) lasers, also called microchip lasers,
based on passively Q-Switched Nd:YAG appear as interesting alternatives. Such laser sources
have the advantage of being robust, very compact and low cost, so that they have become
popular for a number of applications. They have a high beam quality (with a M close to 1
[17]), which is important for microscopy applications, since a clean wavefront is required to
obtain a small point spread function (PSF) after the objective. In this work, we explore the
possibility to build a simple, cost-effective STED-SPIM microscope based on this source.

1 355 n 532 nm

Abs, Fluo Intensities (Arb. Un.)

400 500 600
Wavelength (nm)

Fig. 1. Normalized absorption and emission spectra of Coumarin 490 with laser wavelengths
for excitation and stimulation.

The laser used in this work emits sub-nanosecond pulses of 1.06 pum radiation at a
repetition rate of 20 kHz. The temporal characteristics are well-suited to STED microscopy:
the pulse width (0.8 ns) is matched with the excited state lifetime, so that no STED power is
wasted while the dye is idle and the duration between pulses of 50 us allows triplet relaxation.
By second harmonic (SHG) and sum frequency generation (SFG), the 1.06 um fundamental
radiation can produce beams at 532 and 355 nm for STED and excitation, respectively. A
number of blue fluorophores have spectral properties matched to the wavelengths delivered
by this system (355 nm for excitation and 532 nm for stimulation) such as Coumarin 490
shown on Fig. 1. A compound of particular biological interest in this spectral range is the
coenzyme NADH [18], since this endogenous molecule has essential roles in cell metabolism
and is frequently imaged with 350 nm-excitation.

2.2 Practical implementation

In commercial lasers providing 355 nm light, a slight shift between 532 nm and 355 nm
beams is usually observed [19], because of the beam spatial walk-off inside non-linear
crystals. In many cases, this effect is neglected since it maintains the two beams parallel and
only shifts the propagation axis of the Gaussian beams. But in our case, the two beams, when
injected in a lens with a slight longitudinal chromatic aberration, will induce a lateral
mismatch near the focal point and prevent a perfect stimulation by the donut-shaped beam.
Moreover the walk-off would also lead to a degradation of the beam spatial quality by making
it elongated. In order to limit the walk-off effect, we have built a tandem for SHG and THG as
shown on Fig. 2 which maintains beam quality and alignment. To achieve this goal, the idea is
to be as close as possible to non-critical phase matching and use moderate focusing inside the
non-linear crystals.
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Fig. 2. Harmonic generation by a KTP-LBO tandem. The dotted red line represents the 1.06
pm beam, the green and the blue lines respectively the 532 and 355 nm beams. Crystals are
embedded in hermetic boxes to protect them from humidity. For the SHG box, the front
window is a half-wave plate at 1.06 pum to rotate the polarization to maximize the SHG
efficiency on the KTP type II crystal, the back window is a half-wave plate at 1.06 pm and
wave at 532 nm to make the polarizations of both wavelengths parallel and favor SFG
conversion. The walk-off compensation is obtained by a 5 mm-thick silica slab approximately
at Brewster incidence.

Our setup is based on a DPSS self-Q-switched Nd:YAG laser (TEEM-Photonics, Meylan,
France) delivering 7 uJ nanosecond pulses at a rate of 20 kHz corresponding to 140 mW of
average power. The beam waist inside the laser crystal was estimated to be 50 pm. For the
SHG non-linear crystal, instead of Lithium Triborate (LBO), usually used in commercial
systems, we have employed a Potassium Titanyl Phosphate (KTP) crystal (EKSMA-Optics,
Vilnius, Lithuania), with a moderate focusing of the fundamental beam in order to minimize
the “gray tracking” effect [20]. The crystal was cut for Type II excitation (® = 90 and ¢ =
23.5). This phase-matching condition has the advantage of being very close to non-critical
phase matching at room temperature, while still keeping a good conversion efficiency. With a
1 cm-crystal length and a 330 um fundamental beam waist we obtained 20 mW of 532 nm
Gaussian beam. The walk-off between the fundamental and the SHG beams is virtually
undetectable. To perform SFG by mixing the fundamental and the SHG beams, non-critical
phase matching conditions cannot be reached. In addition the choice of commercially
available crystals is very limited, so we used a 1 cm-long Type II LBO crystal (® = 42.2 and
¢ = 90) and we focused the fundamental beam to a 100 um waist. The beam at 355 nm has a
power of 2 mW with a near Gaussian profile (M? = 1.1), while the 532 nm beam is unaffected
in power, profile and polarization. Unfortunately this crystal introduces a small lateral shift
between the 355 and the 532 nm beams, due to walk-off, of approximately 40 um which is
enough to prevent the two colors from perfectly overlapping in the objective focal plane.
Hopefully, the large difference of wavelengths between the two beams and the spectral
dispersion of refractive index of the silica allow the compensation of the lateral shift by a
simple silica slab as shown in Fig. 2. It is easy to calculate that, at Brewster incidence, a 5
mm-thick slab is enough to compensate the 40 um lateral shift between the 532 and 355 nm
beams.

Finally, the laser system we built delivers 532 nm and 355 nm pulses of durations around
700 ps and 600 ps respectively, which are temporally synchronized and spatially merged.

2.3 An efficient source for excitation and stimulation

Our 20 kHz sub-nanosecond laser delivers an energy per pulse that is 4 orders of magnitude
higher than that produced by a 80 MHz laser system (typical Ti:Sa oscillator), at the same
average power. Therefore, our laser source would have the advantage of inflicting less
photodamage to attain a given STED efficiency. In section 4.1, we show that relatively low
average intensities can induce significant fluorescence depletion. In applications where the
laser repetition rate does not limit the acquisition speed such as SPIM imaging, our lasers are
far more advantageous for STED than femtosecond or CW lasers [3]. Nevertheless our pulsed
bicolor laser system has the particularity to deliver temporally merged excitation and
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stimulation beams. Therefore the depletion efficiency should not depend exponentially on the
STED intensity as considered in many articles because the exponential law is valid when the
STED pulse is short compared to the excited-state lifetime and occurs after the end of the
excitation pulse [1] which is the most common case when using femtosecond lasers. Our case
is similar to the CW STED since the pulse duration is long enough (compared to the
spontaneous decay time) to be seen as continuous stimulation by the fluorophore. In this
situation the exponentially dependent depletion efficiency has to be replaced by an hyperbolic
law [21]:

1
1+olg,,T

(1)
Where o is the stimulated emission cross-section, © the excited lifetime and Igpgp the
instantaneous STED intensity. This expression can be written in the following form

1
1+17 @

STED / I sat

Where Isat, usually named saturation intensity, is the STED intensity resulting in the
inhibition of half the initial fluorescence emission.

Expression (1) shows the advantage of the depletion by a nanosecond laser: to obtain the
same depletion efficiency in CW STED, the average power would need to be as high as the
instantaneous power in the pulse. The ratio of instantaneous to the average power is expressed
as 1/(fAt) (with At the pulse duration and f the repetition rate) which is around 10* for our
laser

3. STED-SPIM setup

The experimental setup is presented in Fig. 3. The output of the laser system is incident on a
near-UV achromat of 12.5 mm focal length (Edmund Optics, York, UK) which focuses the
beam into a spectrometer cell containing a dye solution. The power at 355 nm and 532 nm are
controlled independently using dual wavelength wave plates followed by a polarizer. The first
birefringent plate is half-wave at 355 nm (a retardation of A/2 is introduced between the two
axis) and wave at 532 nm (the retardation is multiple of 1), so that it rotates only the 355 nm
light, whereas the second has a A/2 retardation at 532 nm while it does not affect the 355 nm
beam.The fluorescence emitted in the dye solution at 90° from the laser propagation direction
was imaged through a macroscope (SZX12 Olympus) and recorded by a CCD camera. Power
calibration measurements were performed by splitting the two wavelengths by a glass prism
and separately focusing each beam on a calibrated photodiode. The excitation (355 nm) power
is kept very low (in the pW range) to avoid saturating the singlet transition.

In this layout, we kept the two wavelengths merged along the whole optical path to
preserve their intrinsic alignment. However, the STED beam is to display a dark center, while
the excitation beam should remain Gaussian. Therefore, we used a beam shaping device
which leaves the excitation beam unaffected and changes the polarization of the STED beam
[22]. This device is based on chromatic waveplates (A/2 for 532 nm and A for 355 nm): four
segments of such a waveplate are assembled in a star-like configuration, so that, with
circularly polarized incident light, the polarization of the output beam is a combination of
radial and azimuthal polarizations.
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Fig. 3. Experimental setup for measuring the STED SPIM efficiency of various dyes. The
assembly of two waveplates at 532 and 355 nm with a broadband polarizer permits the
modification of the power for the two colors independently. The upper part of the figure shows
the detail of the beam shaping device with a typical beam shape on the far field of the 532 nm
beam.

For depletion measurements in solution (section 4.1), the same setup was used but the
beam shaping device was removed, so that 355 nm and 532 nm beams overlap in the dye
solution.

4. Results and discussion
4.1. STED efficiency measured in dye solution

In this section, we demonstrate that our laser is well-suited for STED by measuring
fluorescence depletion at low average intensity in dye solutions. We also propose a method to
estimate the stimulated emission efficiency of different fluorophores.

The experimental setup is the one shown in Fig. 3 without the segmented waveplate. The
excitation beam generates a fluorescence trace in the solution which is imaged by the CCD
camera. Such images are acquired at various STED (532 nm) power. The fluorescence profile,
along the propagation direction, integrated over the full width of the beam is extracted from
the images.

Figure 4 presents the fluorescence trace in a solution of Coumarin 490 in ethanol.
Coumarin 490 is a common laser dye for blue operation [23]. Its absorption and emission
spectra match the two operating wavelengths (as shown on Fig. 1). When only the excitation
beam at 355 nm is present, the profile is slowly decaying, since the laser beam is attenuated
by absorption in the dye solution. When the 532 nm beam is unblocked, a sharp hole appears
in the fluorescence image at the position of the beam waist as shown on the CCD image and
the profile reveals a dip corresponding to a strong extinction, at low STED average power (1
mW). This confirms that our laser source is capable of efficient fluorescent inhibition by
stimulated emission.

#224597 - $15.00 USD  Received 13 Oct 2014; revised 24 Nov 2014; accepted 24 Nov 2014; published 4 Dec 2014
(C) 2014 OSA 15 Dec 2014 | Vol. 22, No. 25 | DOI:10.1364/0E.22.030852 | OPTICS EXPRESS 30858



Fluorescence intensity (arb. Un.

5 10
Distance from beam entrance (mm)

Fig. 4. Images of the fluorescence trace when focusing into a solution of Coumarin 490 in
ethanol with a 355 nm beam (top) and both 355 nm and 532 nm beams (bottom), at average
powers of luw and 1mW respectively. The integrated profiles extracted from these images
(center) show a strong fluorescence extinction at the focal point. The dip in the fluorescence
near the waist of the 355 nm beam comes from a small bleaching of the dye which disappears
by steering the solution.

The analysis of the fluorescence profile along the propagation direction provides a means
to estimate the stimulated emission efficiency of fluorophores by 532 nm pulses, or more
precisely the (time-averaged) saturation intensity I, which is by definition the STED
intensity that inhibits half of the fluorescence emission. The value of I, indicates the ability
of a molecule to be depleted efficiently with our laser: it takes into account the stimulated
emission cross section at 532 nm, as well as temporal properties such as how well the pulse
duration matches the excited state lifetime.

4.2. Fit of the fluorescence profiles recorded in dye solution

To evaluate and compare the ability of these fluorophores to be stimulated at 532 nm, the
fluorescence profiles recorded at varying 532 nm power were fitted with a simple formula that
we derive hereafter. For the sake of simplicity, the excitation and STED beams are assumed to
be similar to a Gaussian beam along the propagation axis (with the waist varying as a
Lorentzian function) but to have a top-hat intensity distribution in a plane perpendicular to
this axis. Therefore, at distance z from the focus, the intensity distribution is a homogeneous
disk of radius w(z):

2 1/2
Zy z
+

W(Z) = ?

3)

with A the wavelength and Z; the Rayleigh length. In this disk, the intensity /(z) is constant
and related to the power P of the beam by

P
I(z)=————— @)
AZ, 1+
R

The fluorescence emission is proportional to the excitation intensity /... times the depletion
factor. This factor is the classic exponential law when the depletion pulse arrives later than the
excitation pulse but becomes a hyperbolic law (2) when the pulses are simultaneous (or when
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excitation and depletion are CW). So the fluorescence signal F at position z is, with Iy, the
saturation intensity (averaged over time):

1
F@e= 1@ T —51 5
(2) exc (2) 1+ ]STED (2) / ]m’ )

Here we assumed that the STED beam completely covers the excitation beam, which is
possible for a perfect alignment: if the waist size for 355 nm and 532 nm are similar (this is
expected in the LBO crystal), the 532 nm beam would be more divergent than the 355 nm
beam, since Gaussian beam divergence scales with the wavelength, so that it can completely
cover the 355 nm beam.

Due to the depth of field of the macroscope which is large compared to the beam width,
the fluorescence trace observed on the CCD is a sum of all the planes across the beam width.
The fluorescence profile is obtained by drawing a rectangle around this trace and integrating
the pixel values in each column. Therefore the profile p(z) is given by the fluorescence
emission integrated over a whole xy section:

p(2)= F()dxdy<P, —— ©)
14 Lstep (Z%
Isat
-1
P,
Py 1o ™
1, AZ, 1+ —

R
with Pgrzp the average power at 532 nm and Z; the 532 nm beam Rayleigh range.
-1
Therefore the fitting function adapted to our data is (1 +y/ (1 +2°1Z; )) with y =

Psren/(MZgl,,) ™" and the only parameter used to fit the curves is y. The fitting curves shown in
Fig. 5(a) successfully accounts for the growth and widening of the depletion dip as the 532
nm power increases. As depicted in Fig. 5(b), the estimated values of y vary linearly with the
STED power, in agreement with our model. The slope of this line yields the saturation
intensity Iy, for the specific compound. This method allows the comparison of different
compounds in a concentration-independent manner.
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Fig. 5. Measurement of depletion efficiency in solution: (a) Normalized fluorescence profiles
obtained in a Coumarin 490 solution in ethanol at different STED powers. The fit (solid black
line) yields the value of y according to the expression in the text. (b) Plot of the parameter y
obtained from the fits as a function of the STED power.
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A number of common dyes have suitable spectral properties for the 355 nm/532 nm
wavelengths pair. Examples include laser dyes especially from the Coumarin family and
Hoechst dyes which are widely used to stain nucleus in live or fixed cells since they are cell-
permeable and bind to DNA. Another compound of biological significance and possessing the
adequate spectra is the reduced coenzyme NADH which is naturally present in all living cells.
Fluorescence microscopy is widely used to characterize this coenzyme (oxidized or reduced,
free or bound to proteins) as an indicator of the metabolic state of cells and tissues [24,25].

The values of I, we obtained with Coumarin 490, Hoechst 3342 and NADH are shown in
Table 1. Unsurprisingly NADH is less efficient than the other fluorophores which are quite
similar. One possible reason is the high rate of non-radiative decay in NADH, resulting in an
excited-state lifetime of only 0.4 ns [26]. Since our pulse duration is around 0.7 ns, only a
fraction of the STED pulse energy is useful for depletion, so that the power has to be
increased to obtain the same depletion effect.

Table 1. Experimental time-averaged saturation intensity for stimulation obtained with
different compounds.

Compound L in KW/cm?
Coumarin 490 1.2
Hoechst 3342 1.3

NADH 2.3

It is interesting to note that the values measured for I, are around 1 kW/cm?, when this
same quantity is in the MW/cm?” range when using CW lasers for depletion [27]. The average
power required for fluorescence inhibition is reduced by 3 orders of magnitude. This confirms
the interest of our laser source for STED, since its temporal properties would allow efficient
stimulation while minimizing photobleaching.

4.3. STED-SPIM improves axial resolution and expands the field of view

Now we investigate the potential of our concept to improve SPIM resolution. Since we do not
aim at performing imaging, the excitation-depletion processes are induced in a uniform
distribution of fluorescence emitters, i.e. a Coumarin 490 dye solution and the beam is not
scanned. The thickness of the light sheet can be obtained by simply measuring the width of
the fluorescence traces. The setup of Fig. 3 is used with the four quadrant chromatic
waveplate inserted. We examined the fluorescence traces induced by the UV laser beam with
and without the overlapping donut-shaped 532 nm beam.

Figure 6 shows typical images of the fluorescence traces induced either by the excitation
beam alone and by the excitation beam combined with the donut-shaped STED beam. An
important remark is to be made. The incident converging beam has to cross interfaces
between air and the spectrometer cell, which is made of glass, and into the ethanol solution.
Due to the refractive index mismatch between these media, a substantial amount of spherical
aberration is present in the beams. This is responsible for the asymmetric aspect of the
fluorescence excited by the 355 nm beam along the propagation axis as seen in Fig. 7. Also,
the FWHM waist of the UV trace is close to 5 pm, which is somewhat higher than the value
expected for a 355 nm beam focused by a 0.1 NA lens. However, as we show in the
following, the presence of spherical aberration is not necessarily a disadvantage in STED-
SPIM microscopy.
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Fig. 6. Images of the fluorescence trace in a spectrometer cell filled with a Coumarin 490 dye
solution in ethanol, top with the 355 nm beam alone and bottom with donut shaped 532 nm
beam added. The laser is focused by a F = 25 mm UV-Vis achromat with a numerical aperture
NA~0.1. On the right: the profile plot of the images (with [pW UV excitation alone in red and
with 4 mW stimulation depletion in black) taken at distances of 40 pm (position a) and 100 pm
(position b) from the UV beam waist.

First, the beam stays narrow over a longer distance, which extents the SPIM field of view.
In our case, the beam width stays below 2w, (1.4 times the waist) over a distance of 80 um.
This is much more than the expected Rayleigh length for a perfectly focused Gaussian beam.
Therefore, this distance shall be named “pseudo-Rayleigh length”. This effect can be seen in
Fig. 7. Moreover, the dark hole in the center of the STED beam was shown to be mostly
unaffected by spherical aberration, if a suitable shaping device is used [28]

The fluorescence trace, depicted in Fig. 6, obtained when the donut shaped 532 nm beam
is superimposed on the excitation beam, show a strong reduction of the waist size, i.c. a
thinner light sheet. The value of 1.8 um FWHM can be measured on the image profile, which
corresponds to a resolution improvement by factor of 3 compared to the non stimulated trace.
This is much more than the 60% reduction reported in ref [11].

Figure 7 shows the variation of the fluorescence trace width (FWHM) along the
propagation direction. Interestingly, the STED effect leads to a reduction of the waist size that
is not associated with a shortening of the pseudo Rayleigh length, as with Gaussian beams. On
the contrary, we observe an increase of this length: a quasi constant trace section is registered
over 220 um. This is due to the small divergence of the dark hole at the center of the STED
beam, which causes the fluorescence to be quenched over a long distance along the
propagation direction. These results are very promising for SPIM since the field of view can
be enlarged and made more uniform, while, at the same time, the axial resolution is enhanced.
When, in conventional SPIM, a compromise has to be made between these two requirements,
STED can solve this dilemma by improving both aspects of the light sheet.
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Fig. 7. Measurement of the fluorescent traces width under UV excitation alone (in black) and
with green stimulation (in red) deduced from the two images shown in Fig. 6. The origin of the
abscissa is taken at the waist of the UV-alone excited fluorescent trace. The vertical bars show
the positions where the curves of Fig. 6 are taken.

4.4. Is the reduction of the sheet thickness limited?

The above results are obtained with moderate STED power and simple achromatic doublet for
focusing. Nevertheless they show an interesting axial sectioning capability (~2 pm)
comparable to what can be obtained with a confocal microscope, while preserving a wide
field of view. Now we address the question of how this sectioning varies with the STED
power and what are the limiting factors when attempting to enhance the light sheet resolution.

Fig. 8(a) shows the fluorescence profiles as a function of the STED power up to an
average STED power of 4 mW. The focusing is moderate, the pump beam waist being 5 pm
(FWHM). The evolution of the sheet thickness (measured by the FWHM of the fluorescence
trace) is continuously decreasing as the STED power increases. Previous work [29] have
predicted that the FWHM of the point spread function depends on the inverse square root of
the STED intensity. In Fig. 8(b), we have plotted the FWHM of the profile as a function of
STED power and fitted the points with an inverse square root function. We found a good
agreement with this model. This result is encouraging, and we believe that highly resolved
light sheets can be expected as soon as a higher STED intensity can be used.

Figure 8 (a) shows an attenuation of the fluorescence beam as the STED power increases.
This problem is commonly observed in STED microscopy: some fluorescence depletion is
present in the center of the beam, since the dark hole in the STED beam is not exactly zero.
This would limit the resolution attainable with the system since high STED intensities could
not be used. In our case, we believe it comes from identified defects in the phase masks: the
four quadrants are not perfectly assembled which causes the STED intensity to not totally
vanish at the center of the donut. We believe that improved phase masks need to be developed
for STED-SPIM microscopy. These devices would have to produce a dark line instead of a
dark hole.
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Fig. 8. Fluorescence traces section at the beam waist position as a function of the average
STED power. The pump and the STED lasers where focussed by a 2.5 cm lens with a ~0.1
numerical aperture. The pump beam and the detections conditions stay constant as the STED
beam varies. The graph on the right is a plot of the reciprocal of the squared FWHM of the
fluorescence traces

5. Conclusion

We have proposed a simplified STED scheme based on a DPSS microchip laser that
simultaneously emits 355 nm and 532 nm sub-ns pulses, providing, respectively, excitation
and STED beams which are intrinsically synchronized and aligned. The design of this source
was optimized to preserve beam quality and minimize walk-off. The efficiency of this source
for fluorescence inhibition is demonstrated by simply focusing the beam into a dye solution:
in the presence of 532 nm light, a hole, denoting fluorescence quenching, appears at the beam
focus. Measuring the fluorescence profile as a function of STED power affords a method to
estimate the depletion performance of different compounds. The average intensity required
for fluorescence depletion is reduced by 3 orders of magnitude when using our laser
compared to CW lasers, confirming the interest of our laser source for STED, since its
temporal properties allow efficient stimulation while minimizing photobleaching.

When coupling the two color lasers into a STED-SPIM microscope we obtain an
important reduction of the fluorescent sheet thickness. Moreover, the superresolved sheets
remain of uniform thickness over a larger area. A simultaneous improvement of both the
sectioning resolution and the field of view is obtained. The latter advantage has never been
reported before. We believe that the sheet thickness reduction by a factor of 300% for a
moderate stimulation power (mW), compared with the 60% reduction, obtained with a much
higher stimulation power, reported in Ref [11], is definitively a consequence of the efficiency
of our dual-color nanosecond laser. Moreover, the experimental results show a continuous
decrease of the sheet thickness with increasing STED power. Therefore, we expect
superresolved sheets with much thinner dimensions by increasing the STED power and
optimizing the beam shaping device.
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