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ABSTRACT We describe an analytical method for element-
specific in situ investigations of biological samples with high
spatial resolution, using laser-induced-breakdown spectroscopy
(LIBS). The prerequisites for spatially highly resolved LIBS
are an appropriate analytical performance in combination with
precise micro-ablation conditions, both laterally and axially. In
order to identify the best suitable laser source, the analytical per-
formance and the ablation process were studied for ns-LIBS and
fs-LIBS. The analytical performance was studied on an aque-
ous solution of CaCl,, where water served as a first substitute
for biological material. The ablation process was investigated in
the outer epidermal wall of a sunflower seedling stem. Besides
direct measurements, the physiology of the sunflower seedling
can be used in order to estimate the ablation depth. Our results
show that analytical measurements with high spatial resolution
can be performed on biological samples using fs-LIBS. This
was demonstrated by in situ measurements of wall-associated
calcium ion (Ca*) distributions within the peripheral cell wall
of the sunflower seedling (Helianthus annuus L.) stem. In this
biological sample an axial resolution of about 100 nm was
achieved.

PACS 52.50.Jm; 42.62.Be; 78.47.+p; 87.16.-b

1 Introduction

The objective of this work is the development of
a minimal invasive analytical method for spectrochemical
in situ investigations of biological samples, with an axial
resolution in the range of 100 nm, employing laser-induced-
breakdown spectroscopy (LIBS).

Several decades ago, LIBS was established as a spectro-
chemical analysis method, where a laser-induced plasma is
used as a spectrochemical source. The fundamental advan-
tages of this approach can be summarized as follows: no sam-
ple preparations are necessary, remote sensing measurements
are possible and samples of any state of aggregation can be
analyzed. The method is sensitive to the detection of different
chemical elements. Moreover, multi-element analysis can be
performed. Sensitivity limits in the ppm range can be achieved
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and spatial information can be obtained [1]. Mainly ns lasers
have been used for LIBS and primarily analytical questions
have been addressed. Only a few LIBS studies have investi-
gated the spatial resolution from a basic point of view [2—5].

If spatial resolution becomes important, laser ablation pro-
cesses have to be taken into account in addition. For trans-
parent media and laser sources operating in the visible and
infrared, ablation is initiated by the generation of a critical
density of free electrons. Employing ultra-short laser pulses,
multiphoton ionization is the dominating free electron for-
mation path [6]. The non-linear dependence of multiphoton
ionization on the laser intensity results in a sharply defined
threshold for the optical breakdown. Additionally, during the
interaction with the ultra-short laser pulse the energy ab-
sorbed by the electrons is not transferred to the lattice. For
ns-laser pulses, the electron plasma is generated by collisional
(avalanche) ionization [7]. Statistical fluctuations of the num-
ber of starting electrons for the avalanche ionization lead to
strong fluctuations of the damage threshold. Therefore, in
comparison to ns lasers, the optical breakdown threshold for
fs lasers is a well-defined quantity. The breakdown threshold
energy decreases with the fs-laser-pulse duration. Precise ab-
lation, i.e. low ablation rates and minimal collateral damage,
can be achieved, not only for technical [8—17] but also for
biological samples [18-21].

Based on these considerations it is natural to assume that
fs lasers are the ideal tool for minimal invasive LIBS with
high spatial resolution. However, extensive experimental ex-
perience on LIBS, demonstrating the high sensitivity of this
method, exists mainly for ns-laser systems. With fs-laser sys-
tems only a few experiments have been carried out, in which
the plasma dynamics of fs-laser-generated plasmas of metallic
samples was investigated [22—24].

From the discussion above, it is not obvious what kinds of
laser sources enable LIBS with high sensitivity and high spa-
tial resolution simultaneously, where sample volumes in the
order of femtoliters and below have to be analyzed. Therefore,
we investigated which laser source (fs laser or ns laser) is more
suitable for LIBS with high spatial resolution.

This paper is composed of four parts. In Sect. 2, the ex-
perimental setup and the biological sample are described. Sec-
tion 3 deals with basic considerations concerning the spatial
resolution of LIBS. In Sect. 4, the analytical performances of
ns-LIBS and fs-LIBS are discussed. In Sect. 5, a biological
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application for fs-LIBS is presented, demonstrating spatially
highly resolved trace-element analysis with an axial reso-
lution of about 100 nm.

2 Experimental

2.1 Experimental setup

The schematic setup of the LIBS system is shown
in Fig. 1. As laser source either a commercial Nd : YAG
ns laser (Quanta-Ray Indi, Spectra-Physics, USA) or
a Ti : sapphire fs-laser system (Femtopower Pro, FEMTO-
LASERS, Austria) is employed. The ns laser generates laser
pulses with a pulse duration of 6 ns and a maximum pulse en-
ergy of 385mJ at 1064 nm, 140 mJ at 532 nm and 30 mJ at
355 nm. The repetition rate is 20 Hz. For the biological appli-
cations, low penetration depths are required. Therefore, the
ns-laser experiments are performed at 355 nm. Representative
results are shown and discussed in Sect. 4. The fs-laser system
generates 30 fs laser pulses at a central wavelength of 790 nm
with a maximum pulse energy of 1 mJ and a repetition rate of
1 kHz.

The fs-laser-beam path is integrated in a modified con-
focal laser scanning microscope (CLSM-DIAPLAN, Leica,
Germany). After passing a dichroic beam splitter (DBS) the
laser beam is tightly focused onto the sample with a numer-
ical aperture (NA) = 0.4 objective (O) (LD Epiplan, Zeiss,
Germany). The relatively low NA minimizes damage risks
of the objective and allows a convenient working distance of
10 mm. In order to obtain the shortest fs-laser pulse the group
delay introduced by the dispersive elements in the beam path
was compensated by means of a prism compressor. An inter-
ferometric autocorrelation was measured using a two-photon
diode placed in the focal plane of the objective. The residual
pulse-front distortion due to chromatic and spherical aberra-
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FIGURE 1 Left: schematic setup of the laser-induced-breakdown spec-
trometry (LIBS) system. Either a ns-laser system or a fs-laser system was
used for the experiments. The LIBS detection is integrated in a confocal
microscope setup. The fs-laser beam is tightly focused with a NA = 0.4 ob-
jective (O). For the ns-laser beam a fused-silica lens (L) (f = 15 mm) is
used. The same objective/lens is used to efficiently collect the plasma lu-
minescence (PL). The PL reflected from a dichroic beam splitter (DBS) is
recorded spectrally resolved with an ICCD camera. The sample positioning
can be controlled with a conventional light microscope. A precise position-
ing of the sample is achieved by a piezo-driven xyz-translation stage. Right:
schematic dimensions of above-threshold volume (see Fig. 4) with respect to
the epidermal cell wall (see Fig. 3)

tion [25] leads to a spatially averaged pulse duration of 40 fs.
For the ns laser, a similar setup is used. The NA = 0.4 objec-
tive is replaced by a fused-silica lens (f = 15 mm), because
of the low transmission of the objective. The beam profile of
the ns laser and the fs laser in the focal plane was measured
with the cutting edge method. For the fs-laser- and ns-laser-
beam profiles, beam waists of 2.0+ 0.1 pm and 3043 um,
respectively, were found. Due to the astigmatism of the fs-
laser beam and the non-Gaussian ns-laser beam the measured
beam waists are larger than the expected theoretical beam
waists.

The generated plasma luminescence (PL), efficiently col-
lected with the focusing objective or lens (O/L), and reflected
from a dichroic beam splitter (DBS), is imaged with an objec-
tive (105 mm, UV-Nikkor, Nikon, Japan) on the entrance slit
(280 wm) of a spectrograph (MS125, Oriel, USA). The spec-
tral distribution of the plasma luminescence is measured with
an intensified charge-coupled-device (ICCD) camera (Flame
Star, LaVision, Germany) within a variable time window after
the plasma formation. The time window is controlled with
a delay generator (DG 535, Stanford Research, USA). For
single-shot measurements, the repetition rate of the ns-laser
and the fs-laser system is adapted to the maximum repetition
rate of the ICCD used in our setup (1 Hz).

The position of the sample is controlled via a conventional
light microscope. For precise sample positioning, a computer-
controlled piezo-driven xyz table (P-527.3CD, Physik Instru-
mente, Germany) is used. For the ablation experiments an
interference microscope (Newview 5000, Zygolot, Germany)
is used, to measure the ablation volume.

2.2 Biological sample: the sunflower seedling

For the experimental analysis of the mechanism
of cell elongation the rapidly growing, sturdy seedlings of
the sunflower (Helianthus annuus L.) are a classical model
system [26]. About 50 seeds (achenes) of Helianthus an-
nuus L. cv. Giganteus were soaked for 1 h in distilled water
and thereafter planted in moist vermiculite in closed plas-
tic boxes at 25°C in a 12h light/12h dark cycle as de-
scribed [34]. The photon flux density at plant level was about
100 pumol m~—2 s~!. For all experiments described below 6-
day-old green sunflower seedlings of average size were used.
The general morphology of such a juvenile plant is shown in
Fig. 2a. The peripheral cell layer (epidermis) of the hypocotyl
(axis between the onset of the root and the cotyledons) was
selected as a target for our studies, because this specific tis-
sue represents the growth-limiting structure of the organ [34].
A surface view of the epidermis shows that this tissue is com-
posed of two types of cells: epidermal cells (average dimen-
sions: length &~ 150 wm, width &~ 16 um) and the much shorter
guard cells of the stomata (pores for gas exchange with the en-
vironment) (Figs. 2b and 3a). The epidermis of the sunflower
stem (hypocotyl) is characterized by a thick, sturdy cellulosic
structure, the outer epidermal wall. In 6-day-old green sun-
flower stems, this particular wall has an average thickness of
1.5-2.0 wm [26]. However, as Fig. 3b shows, in the corners
between the adjacent epidermal cells, the wall thickness can
reach twice that value. Taken together, these ultra-structural
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FIGURE 2 Photographs of a 6-day-old green sunflower seedling (a) and the
peripheral cell layer in the sub-apical region of the stem (b). The juvenile
plant (a) consists of three organs: the root (region below the lower arrow-
head), the stem (hypocotyl, H) and the cotyledons (C). The onset of these
leaf-like structures is indicated by the upper arrowhead. The peripheral tis-
sue (b) is composed of epidermal cells (E) and stomata (S). Bars: 10 mm (a),
20 pm (b)

FIGURE 3 Light (a) and electron micrograph (b) of transverse sections
through the sub-apical region of a sunflower hypocotyl (see Fig. 2a).
¢ = cortical cell, E = epidermal cell with vacuole and peripheral cytoplasm,
I = intracellular space, S = stoma (guard cell), W = outer epidermal wall.
Bars: 10 pum (a), 5 um (b)

data demonstrate that our biological material (outer epidermal
wall of 6-day-old sunflower hypocotyls) is heterogeneous.

The three basic requirements for our analysis can be sum-
marized as follows: (i) all experiments have to be performed
on intact stems (in situ), (ii) the concentration of bound
calcium ions (< 100 mmol/1) inside the peripheral cell-wall
structure should be resolved and (iii) the axial resolution
should be in the range of 100 nm. In particular, the necessary
axial resolution is the experimental challenge for any kind of
analytical method with high spatial resolution.

3 Basic considerations about spatial resolution

In order to generate a plasma which can be spec-
troscopically analyzed the laser fluence has to be above the
optical breakdown threshold of the sample. Therefore, the

spatial resolution can be estimated by the extent of the laser
fluence in the focus, which exceeds the optical breakdown
threshold (above-threshold zone). The laser fluence in the
vicinity of the focus is proportional to the point spread func-
tion (PSF) of the objective. If one assumes homogeneous
illumination of the aperture of a low-NA objective, the PSF
can be calculated as described in [27]. In Fig. 4 the PSF for
a NA = 0.4 objective is shown. The ratio ¢ = @preshold / Pmax
of the optical breakdown threshold fluence @reshoig and the
maximum laser fluence @,,,x determines the above-threshold
zone. For A =790 nm, NA = 0.4 and ¢ = 0.9 a threshold ra-
dius of rireshold = 200 nm is obtained (see Fig. 4a). For ex-
ample, the Rayleigh criterion for a standard microscope or
a confocal microscope results in a lateral resolution of 1.2 pm
and 1.1 pm, respectively [28, 29].

This comparison shows that with the use of LIBS at a flu-
ence close to the threshold limit a higher lateral resolution
compared to conventional or confocal microscope techniques
can be obtained.

Because of the relation between the lateral and the axial
distributions of the PSF — for the above-threshold zone — the
same holds true for the axial resolution. The cigar-like contour
lines shrink with @, approaching Preshold (see Fig. 4b).
However, when employing such a mode of operation (imaging
mode), the demanded axial resolution of around 100 nm can-
not be achieved, since unrealistic ¢ values of around 0.9999
would be necessary. Small-amplitude fluctuations of the laser
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FIGURE 4 a Lateral cross section through the point spread function (PSF)

in the focal plane for a NA = 0.4 objective. The lateral above-threshold ra-
dius is shown for ¢ = 0.5 (¢ = Pihreshold/ Pmax) (blank—blank) and ¢ = 0.9
(dotted line). b PSF in the z, r plane and contour lines confining the above-
threshold zone for different ¢ values (¢ = 0.1 blank—dot—dot-blank, ¢ = 0.2
dotted, ¢ = 0.5 blank—blank, ¢ = 0.9 blank)
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or minimal changes in the threshold values would preclude
reproducible results.

In order to achieve high axial resolution a different ap-
proach with lower ¢ values is employed, since the plasma
formation is accompanied by ablation. The axial zone where
a plasma is formed is determined by the ablation depth. For
example, if a structured thin layer has to be analyzed, the ab-
lation depth of each laser shot has to be smaller than the layer
thickness. Moreover the spectrochemical analysis has to be
performed on a single laser shot basis. For this analysis mode
itis not required to change the position of the sample for depth
profiling. A schematic sketch of this analysis mode is shown
in Fig. 1.

Assuming nearly constant plasma-generation and ablation-
rate conditions, a precise spectrochemical measurement
within each layer is possible. The axial resolution can be in the
order of a few tens of nanometers or less for technical materi-
als [5]. In order to obtain a constant ablation volume for each
laser pulse the above-threshold area along the axial direction
must not change significantly inside the layer. This focus-
ing condition can be achieved by employing a laser fluence
a few times higher than the threshold fluence. As illustrated in
Fig. 4b, for ¢ = 0.2 the cigar-like contour line shows no depen-
dence on the lateral coordinate in the axial range of 2 pm.

In order to simultaneously obtain small ablation depth and
plasma conditions suitable for spectrochemical analysis we
investigated the role of laser parameters, i.e. pulse duration
and fluence.

4 Comparison of fs-laser- and ns-laser-induced
breakdown spectroscopy

4.1 Analytical performance studies

Ca’* detection in water with ns- and fs-LIBS has
been studied explicitly. The setup is displayed in Fig. 1.
A water-jet table was used as the sample. It serves as a cal-
ibrated Ca?* source and can be considered as a first model
system of a biological sample. The nozzle for the water
jet was mounted on the piezo-driven xyz table. The laser
pulses were focused on the water-jet surface. In order to
achieve well-resolved Ca™ lines, the spectral region around
395 nm was chosen for the measurements. The two strong
Ca™ lines at 393.4 nm and 396.8 nm can be resolved, corres-
ponding to a Ca* (3 p%4s — 3 p®4p) transition. At physiolog-
ically relevant concentrations (1-100 mmol/l) linear Ca’*-
calibration curves are measured with fs- and ns-LIBS. The
sensitivity limit for fs-LIBS is determined by the maximum
fs-laser-pulse energy (180 uJ, corresponding to a laser flu-
ence in the focal plane of 2870] /cm2), which leaves the
object intact. With our detection system a sensitivity limit
of 0.4 mmol/1 can be found. For ns-LIBS a sensitivity limit
of 0.1 mmol/1 can be reached with a laser energy of 30 mJ
(2130J/cm?).

The transient plasma luminescence spectra are illustrated
in Fig. 5 and reveal the plasma dynamics in the case of ns-
or fs-laser excitation. For both experiments the same detec-
tion system with identical ICCD camera settings was used
and the same Ca’* concentration of 20 mmol/l was taken.
The appearance of plasma luminescence in the range of
380 nm to 400 nm was employed to determine the plasma-
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FIGURE 5 Plasma-emission transients from water upon excitation with
a fs-laser pulses (40 fs, 790 nm, 117J /cm2 averaged over 1000 laser shots)
and b ns-laser pulses (6 ns, 355 nm, 120 J /cmz, averaged over 20 laser shots).
The plasma luminescence was integrated within a time window of 15 ns in
time steps of 1 ns, 5 ns and 10 ns. In both experiments the Ca>* concentration
was 20 mmol/1

generation threshold. In the case of the fs laser a threshold of
6.7 0.7 J/cm? was measured for the plasma formation. The
transient plasma luminescence spectra (Fig. 5a) were meas-
ured with a laser fluence of 1.7 times the threshold. The tran-
sient is dominated by the Ca™-line emissions. The best signal
to background ratio can be found at the onset of the plasma
formation.

In the case of the ns laser a threshold of 70 4 15J/cm?
was found for the plasma formation. In order to measure
the transient luminescence plasma spectra (Fig. 5b) the same
above-threshold ratio of 1.7 was chosen. Nevertheless, the
continuum emission is much stronger. At the beginning of
the plasma formation the continuum emission dominates the
spectra. A strong contribution of Ca™-line emission starts to
appear after around 10 ns. The best signal to background ratio
was found at 28 ns.

For ns-LIBS a generally accepted picture to describe
the plasma luminescence emission exists [1]. An intense
ns laser with pulse energies in the 100 mJ regime gener-
ates an electron—ion plasma, which expands at a velocity
much faster than the speed of sound. The electron tempera-
ture decreases and after several microseconds the plasma de-
cays through radiative, quenching and electron—ion recom-
bination processes. Because in our experiment the ns-laser-
pulse energy was chosen close to the threshold value for
plasma generation, the Ca*-line emission starts to appear al-
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ready at the beginning of the plasma formation. However, the
same mechanism of a delayed strong Ca™-line emission was
observed.

Although identical camera settings (besides the averag-
ing) were used for the fs laser, the Ca™-line emission dom-
inates the continuum emission from the beginning of the
plasma formation, indicating that the plasma temperature was
significantly lower. This is supported by the fact that the con-
tinuum emission relative to the Ca™-line emission is strongly
reduced in the case of the fs laser. Similar results for tech-
nical samples are observed where a faster thermalization of
fs-laser-generated plasmas was found [30].

For fs-laser and ns-laser excitation, different plasma-
formation models in transparent media exist. Recent theoret-
ical and experimental investigations showed that this model
can also be applied to water [31, 32]. For ns lasers, avalanche
ionization is the dominant plasma-formation path. Multipho-
ton ionization is responsible only for the generation of seed
electrons for the avalanche ionization. In contrast, for fs-laser
excitation the plasma is generated mainly due to multiphoton
ionization [32]. As the multiphoton ionization rate increases
with the intensity, less pulse energy is necessary for ultra-
short laser pulses to generate a plasma. Moreover, Vogel et
al. [33] have shown that the conversion of laser light energy
into mechanical energy during optical breakdown is dramati-
cally reduced for fs-laser pulses. This indicates why fs-LIBS
of water samples close to the plasma-generation threshold can
be performed with the same analytical resolution as in the case
of ns-LIBS but with a laser fluence an order of magnitude
lower.

Due to the lower laser fluence required for fs-LIBS and the
reduced plasma temperature a significant decrease of the abla-
tion volume and minimal collateral damage of the sample are
observed. This topic will be discussed in Sect. 4.2.

4.2 Ablation studies

The ns-laser versus fs-laser ablation experiments
on biological samples have been carried out with 6-day-old
sunflower seedlings (Fig. 2a). The physiology of the sun-
flower seedling can be employed directly to estimate the ab-
lation depth. Inside the cells of the stem (hypocotyl) a mul-
tidirectional hydrostatic pressure, called turgor pressure, of
around 0.55 MPa was measured [34]. As illustrated in Fig. 3a
and b, the peripheral wall acts like a giant wall sheath, which
encloses the protoplasts of the cells that are surrounded by
thin, extensible walls. If laser ablation destroys the peripheral
wall, cell sap is pressed out of the protoplast (vacuole), which
is visible in the light microscope.

In order to minimize the penetration depth, the ns-laser ex-
periments were performed with a wavelength of 355 nm. For
the detection of Ca”* in the peripheral cell wall a fluence of
the ns laser of 360 J/cm? was necessary in order to achieve
a signal to noise ratio of 10. Even for a ns-laser fluence much
below this value the cell wall was destroyed completely with
one laser shot. Moreover, as displayed in Fig. 6a and b, the
shape of the ablation area changed from shot to shot. The ab-
lation area resembled the subjacent cell structure and cannot
be attributed to the laser-beam profile. In the case of fs-laser
ablation a laser fluence regime can be found where the periph-
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FIGURE 6 Light micrographs (a) from the ablated zone of the periph-
eral wall of a sunflower stem show the structure after a single ns-laser shot
(175 J /em?) ablation. White-light interference microscope picture of the pe-
ripheral cell wall (b, left). Five fs-laser pulses (55J/ cm?) were used to ablate
the cell wall. The cross section of the ablated zone (b, right) is indicated by
the black line

eral cell wall was not destroyed. More importantly, the plasma
luminescence was intense enough that Ca™ lines could be de-
tected with our equipment. Figure 6b displays a representative
interference microscopy image of the ablation zone of the pe-
ripheral cell wall. Five fs-laser shots were needed in order to
identify the ablation zone in the complex morphology of the
peripheral cell wall. The ablation area is contained in a circle
with a diameter of 3.5 £0.2 um. The employed fs-laser flu-
ence of 55 J/cm? is five times (¢ = 0.2) above the measured
ablation threshold of 11 4 1J/cm?.

Taking into account the calculated PSF, shown in Fig. 4a
(dotted line), one would not expect such a large ablation diam-
eter for ¢ = 0.2. The measured fs-laser-beam profile in the fo-
cal plane shows a Gaussian intensity distribution with a beam
diameter of 4.0 £ 0.2 pm (see Sect. 3). For this beam diameter
a c value of 0.2 leads to an ablation diameter of 3.3 + 0.2 pm.

The close agreement between the measured and the eval-
uated diameters of the ablation area demonstrates the well-
defined threshold for fs-laser ablation and plasma formation.
Besides the ablation area the ablation depth was also investi-
gated. The ablation depth upon five fs-laser shots is measured
for five different holes. The corresponding averaged single
laser shot ablation depth is 140 =25 nm.

In terms of analytical performance in combination with
high spatial resolution for LIBS applications, this series of ex-
periments demonstrates that fs lasers are more suitable than ns
lasers.

5 Calcium analysis inside the peripheral cell wall of
sunflower stems with fs-LIBS
Using fs-LIBS the bound Ca”* distribution within
the peripheral cell wall of sunflower hypocotyls was meas-
ured. A complete sunflower seedling (Fig.2a) was fixed
on the piezo-driven computer-controlled xyz stage of the
microscope-type setup. Care was taken to ensure nearly con-
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stant growth conditions. During the measurement, the plants
are watered, in order to prevent dehydration of the cells.
Therefore, the turgor pressure and the plant surface morph-
ology were maintained. Using the light microscope, the plant
surface was positioned in the focal plane of the objective. Fs-
laser pulses with a fluence of 120J/cm? and 55J/cm? are
used, which are 11 times (¢ = 0.09) and five times (¢ = 0.2)
above the ablation threshold.

Figure 7a shows the Ca™-line signal and the inset displays
the continuum emission signal for each fs-laser shot for a laser
fluence of 120 J/cm?. The plasma luminescence was recorded
10 ns after plasma formation within a time window of 50 ns.
Each Ca™-signal point corresponds to the integrated Ca™-
line distribution within 391-398 nm. The continuum emis-
sion signal was measured in the range between 368 nm and
375 nm. For the whole series of 200 laser shots the continuum
signal stayed constant with a standard deviation of 10%. This
indicates that the plasma-formation conditions do not change
significantly. The Ca* signal drastically decreased after the
first four laser shots and showed a plateau for the remain-
ing 200 laser shots. Additional light-microscope observations
showed that an outflow of cell sap was observed after three
or four laser shots. Therefore, the first three Ca™ peaks are
attributed to Ca>* concentrations in the peripheral cell wall,
whereas the following plateau is caused by Ca?* solved in

250+ -
200| g
— :
5 |l
S, 1504 s
g ’ ” (s{asz‘gsmts m .
2
@ 100-
‘o e 1 lo o o R
o H Aﬂ (x4 oﬂ H
sl WINPT S m%
0 50 100 150 200
a fs-laser shots
3004 »
2501 »
S
T 150 \
6) > N e
P 1001 N
m / ~
O )| AN
! N
>
0 4
2 4 6 8 10 12 14 16 18 20

b fs-laser shots

FIGURE 7 Distribution of bound calcium ions (Ca®>*) within the periph-
eral cell wall of a sunflower stem. The plasma luminescence was measured
and analyzed in the spectral range from 380 nm up to 410 nm for each fs-
laser shot. Integration over the Ca™ lines at 395 nm yields the Ca™ signal.
The background signal corresponds to the integrated continuum emission in
the range of 368—375 nm. a shows the Ca?* distribution and the inser indi-
cates the continuum emission signal. A laser fluence of 120 J/cm? was used.
b shows the Ca?* distribution with higher resolution measured with a laser
fluence of 55 J/cm?. a.u. = arbitrary units

vacuolar water (cell sap, see Fig. 3b). The Ca’>* concentra-
tions in the peripheral cell wall are considerably higher than
in the underlying tissue. In our experiments the averaged Ca™
signal from the peripheral cell wall was three times higher
than the corresponding Ca* signal from the vacuole of the
cell.

At the same laser fluence of 120 J/cm? the ablation depth
was measured with the interference microscope. The ablation
depth of around 500 nm for a single fs-laser shot can be used to
estimate a wall thickness of 1.5 wm up to 2 wm. This average
thickness of the peripheral cell wall is in accordance with the
value measured using transmission electron micrographs [26]
(Fig. 3b).

At a fs-laser fluence of 551/ cm?, the Ca™ signal from the
vacuole is close to the detection limit. Nevertheless, the Ca?*
concentration in the peripheral cell wall can still be detected.
Even for this laser fluence the axial threshold zone shows no
dependence on the lateral coordinate within the peripheral cell
wall and the analysis mode can be applied. The single fs-laser
shot ablation depth is 140 nm.

A representative Ca™-signal distribution is displayed in
Fig. 7b. The Ca®* distribution within the peripheral cell wall
is shown, measured 16 mm above the root. The Ca>* distri-
bution does not decrease until 15 laser shots. The double-peak
structure shows a minimum around 700 nm followed by a sec-
ond maximum at around 1.4 pum. Similar double-peak struc-
tures were found at several positions along the plant stem.

6 Summary and conclusion

We investigated the analytical performance of fs-
LIBS in comparison to ns-LIBS for spectrochemical in situ
investigations of biological samples. The analytical perform-
ance was studied using Ca?* detection in a water sample. For
both ns- and fs-LIBS linear calibration curves were meas-
ured. The Ca®* detection limit was comparable to that ob-
tained with the ns laser. In the case of the fs-laser excitation,
the continuum emission of the plasma was significantly re-
duced, accompanied by a faster thermalization. Moreover, the
plasma-generation threshold was an order of magnitude less
for the plasma produced by the fs laser.

The ablation of the peripheral cell wall of a sunflower stem
was investigated both for ns-laser pulses and fs-laser pulses.
For the ns laser the ablation volume varied significantly for
each laser shot. The ablation zone can be attributed to the sub-
jacent cell structure. For the laser fluence required to generate
a plasma the peripheral cell wall was completely destroyed.
In case of the fs laser, precise ablation conditions are found
with a circular ablation zone and ablation depths below the
thickness of the peripheral cell wall. More importantly, the
corresponding plasma permits spectrochemical analysis out
of an ablation volume in the range of femtoliters.

The analytical performance in combination with the pre-
cise laser ablation condition demonstrate that fs-laser systems
are excellent light sources for highly spatial resolved LIBS on
biological samples. This was demonstrated by in situ depth
profiling of trace elements in biological samples. Bound Ca>*
distributions within the peripheral cell wall of a sunflower
stem were resolved with an axial resolution of around 140 nm.
Future research will extend this method to a minimal inva-
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sive microscopy technique. Using an ICCD camera with high
repetition rates, three-dimensional element-specific imaging
with high spatial resolution will be demonstrated. Objectives
with a higher NA provide an axial resolution below 100 nm.
Due to the generality of LIBS and fs-laser ablation the tech-
nique has a broad range of possible applications in biological,
medical and technical disciplines.
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