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Bacterial samples (Escherichia coli and Bacillus subtilis) have been analyzed by laser-induced
breakdown spectroscopy (LIBS) using femtosecond pulses. We compare the obtained spectra with
those resulting from the classical nanosecond LIBS. Specific features of femtosecond LIBS have
been demonstrated, very attractive for analyzing biological sample: (i) a lower plasma temperature
leading to negligible nitrogen and oxygen emissions from excited ambient air and a better contrast
in detection of trace mineral species; and (ii) a specific ablation regime that favors intramolecular
bonds emission with respect to atomic emission. A precise kinetic study of molecular band head
intensities allows distinguishing the contribution of native CN bonds released by the sample from
that due to carbon recombination with atmospheric nitrogen. Furthermore a sensitive detection of
trace mineral elements provide specific spectral signature of different bacteria. An example is given
for the Gram test provided by different magnesium emissions from Escherichia coli and Bacillus
subtilis. An entire spectrum consists of hundred resolved lines belonging to 13 atomic or molecular
species, which provides an ensemble of valuable data to identify different bacteria. © 2006

American Institute of Physics. [DOL: 10.1063/1.2187107]

I. INTRODUCTION

Detection and identification of microbiological samples
such as bacteria, molds, or pollens has become a critical
application for either military and civil defense or environ-
mental surveillance. Large efforts have been dedicated to
demonstrate and test methods that provide reliable, fast, and
sometimes standoff detection of microbiological samples.
Laser-induced breakdown spectroscopy (LIBS) has been
considered as a promising method for laboratory or field de-
tection and identification of microbiological samples in
bulky or spread aerosols forms. Several works using nano-
second laser-induced breakdown spectroscopy (nano-LIBS)
have been reported. These experiments have been designed
for identifying spectral markers of microbiological samples
and testing suitable spectral data processing methods to ex-
tract valuable information for distinguishing different
species.l_4 Detection of a single bioaerosol has also been
demonstrated with nanosecond LIBS.”” However, the poten-
tial of femtosecond laser-induced breakdown spectroscopy
(femto-LIBS) for detection and analysis of biological
samples has not been studied so far, although femto-LIBS
has been successively demonstrated recently for inorganic
matter detection with a number of attractive features.*™'
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These interesting features of femto-LIBS are basically
due to the specific ablation regime of femtosecond pulses. A
pulse duration shorter than the thermal coupling time con-
stant in matter (~1 ps) leads to a domination of
multiphoton-induced ionization over thermal decomposition,
and an expansion of the ejected plasma without further inter-
action with the laser pulse. The specific properties of femto-
second ablation have been extensively studied for better per-
formance of laser micromachining or microfabrication.'!
Efficient, fast, and localized energy deposition in femtosec-
ond regime allows minimum thermal and mechanical dam-
age of the substrate and a precise material removal. For
analysis purposes using LIBS, specific properties of the
plasma induced by a femtosecond pulse, such as lower and
faster decreasing temperaturelz_14 and explosive ejection of
matter," allow us to expect an improved sensibility for trace
element detection.

We already demonstrated that, in femto-LIBS detection
of a metallic sample, emission from excited ambient air is
practically negligible because of a lower temperature of the
laser-induced platsmat.g_10 This contrasts with nano-LIBS, in
which the air in vicinity of the laser impact spot emits an
intense spectrum of atomic nitrogen and oxygen in the near
infrared.>'° For the analysis of organic or biological materi-
als, this air spectrum interferes with emission from the
sample, especially in the region of the near infrared.' Lower
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temperature of femtosecond laser-induced plasma reduces
drastically the blackbody emission from the plasma accord-
ing to Stefan’s law of fourth power temperature dependence
of the radiation power. That allows plasma lines to be de-
tected with a higher contrast (high line to continuum ratio),'®
which is crucial for detecting trace mineral elements in a
biological sample. For organic as well as biological matter
analysis, spectral signatures from molecular bonds are very
important since radicals, such as CN or C,, are characteristic
of the biological medium. Neutral N, has been observed as
the most abundant species released in nanosecond UV laser
ablation of a polymer.17 The mechanism that distinguishes
nanosecond UV from nanosecond IR interaction with organic
matter is that the multiphoton absorption in UV leads to ion-
ization and decomposition through pathways that are differ-
ent from thermal decomposition.lg’19 Multiphoton ionization
ablation also occurs for ultrashort laser pulse interaction with
organic or biological matters, which let us hope significant
molecular fragments to be produced in femtosecond ablation.
Femtosecond LIBS thus provides significant molecular spec-
tral signatures of a sample together with the more usual
atomic spectral signature, which allows a better characteriza-
tion of the sample especially when an organic or a biological
medium is studied.

In this paper we describe the experimental setup and the
results of our experiments designed to demonstrate femto-
LIBS analysis of bacteria. The LIBS spectra from bacteria
using both femtosecond and nanosecond pulses are pre-
sented. We compare the LIBS spectra of these two pulse
duration regimes in order to emphasize the attractive features
of femto-LIBS for the analysis of biological samples. We
especially show that a lower temperature in the femtosecond
laser-induced plasma permits a higher contrast for the detec-
tion of trace elements in a bacterial sample. We observe an
enhanced molecular band emission in femto-LIBS spectra.
We also present a kinetic study of molecular bands, CN and
C,, which are very important for organic or biological
sample analysis. We demonstrate that native intramolecular
bonds can be ablated directly from a bacterial sample. Their
spectral emission can be distinguished from that due to the
molecular bonds formed during the expansion of a plasma
plume by carbon recombination with ambient air. More pre-
cisely, different behaviors of the time evolution of the mo-
lecular band head are clearly observed corresponding to dif-
ferent origins of the molecular bonds. Based on our results
we propose a general strategy to detect bacteria from a natu-
ral background and to further distinguish different species of
bacteria.

Il. EXPERIMENTAL SETUP

In our experiments (Fig. 1), we used either a Ti:sapphire
femtosecond laser system or a Nd:YAG (yttrium-aluminum-
garnet) nanosecond laser in order to have a comparison of
these two pulse durations. The femtosecond laser consists of
an oscillator, a regenerative amplifier and a multipass ampli-
fier. The system provides 120 fs pulse at 810 nm with a
20 Hz repetition rate. Typical pulse energy used in our ex-
periments is 4.5 mJ. The nanosecond laser provides pulses of
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FIG. 1. Schematic presentation of the experimental setup.
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5 ns duration at 1064 nm and a repetition rate of 20 Hz. The
same pulse energy is used to compare with the femtosecond
regime. The laser beam is focused on the surface of a sample
using a single lens of 30 mm focal length. The resulting
beam waist is about 100 um, leading to a fluence of about
14 J/cm? for the both pulse duration regimes. To have a
fresh spot for each laser shot, the sample is fixed on a rota-
tion stage.

Bacterial samples of Escherichia coli (E. coli) and Ba-
cillus subtilis (B. subtilis) are prepared according to the fol-
lowing procedure: growth of bacteria overnight in a nutrition
medium (the same nutrition medium for both bacteria) at
37 °C under aeration; impact by aspiration of 20 m€ solu-
tion of bacteria on a filter; washing of the charged filter by
20 m¢ distilled water with the same aspiration process; and
drying for about an hour. Intuitively a metallic filter would
be advantageous because it leads to a simpler background
spectrum and less interference with the bacteria.' A trial with
a silver filter (Millipore, catalog no. AG4502550) showed,
however, an unsatisfactory result in the femtosecond regime,
since two-photon-induced plasmon emission saturated the
detection system in the spectral range around 400 nm. Cel-
lulose nitrate membrane filters (Whatman, catalog no. 7184-
004) have finally been preferred in our experiments. These
filters have pores of 0.45 um diameter, suitable to trap bac-
teria. Organic filters are moreover much less expansive than
metallic filters and provide a more realistic analytical envi-
ronment for applications. However, the use of an organic
filter requires differential measurements. We recorded in the
same experimental conditions, spectra of a filter charged
with bacteria, a filter charged with the nutrition medium
(same preparation procedure as for bacteria-charged filter
without bacteria growth), and an unexposed filter. Only non-
pathogenic agents were analyzed in this study, which
avoided sophisticated protection system. The nutritional me-
dium was liquid Luria Broth from Biomerieux. The resulting
sample was a bacteria-charged filter of 4 cm diameter con-
taining a layer of bacteria with a thickness of about 100 um.
Mechanic resistance of the samples against laser ablation
was important to allow experiences to be carried out over
hours. We stuck the samples on a Plexiglas plate to enhance
its mechanic resistance.

Plasma emission was collimated by a single quartz lens
with a focal length of 50 mm and a diameter of 25 mm. The
optical axis of the collecting system was at about 45° from
the laser axis. The position of the lens was set so that the
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image of the laser-induced plasma was formed at the en-
trance of a coupling fiber (25 wm aperture) with a magnifi-
cation of 0.4. This setup was not intended to have a spatially
resolved observation of the plasma plume. However, a three-
dimensional (3D) microdisplacement stage allowed a precise
position of the fiber entrance on the part of the image that
corresponded to the part of the plasma plume with the high-
est light emission (most likely very close to the impact point
of laser pulses on the sample surface). The output end of the
fiber was attached to the entrance slit (25 X 50 um? aperture)
of an Echelle spectrometer (focal length of 195 mm and
Jf-number=7) equipped with an intensified charge-coupled
device (ICCD) camera (Andor Technology, Mechelle and
iStar). The ensemble of Echelle spectrometer and ICCD
camera provided a spectral range from 200 to 920 nm, with
a resolution of 0.04 nm at 200 nm and 0.2 nm at 1000 nm. A
temporal window was set on the ICCD camera with high
precision synchronized on each laser shot.

In our experiments two types of spectra were observed:
Time-integrated spectra corresponding to a 5 us detection
window opened several hundreds nanosecond (typically
100 or 200 ns) after each laser shot; kinetic series, where the
plasma emission was detected within a reduced detection
window of 50 ns width, while the time delay of the detection
window was scanned to get the study of time evolution of the
emitted spectrum from the instant when laser pulse arrives
on the sample. A minimum detection delay was necessary
after each laser shot to avoid saturation of the camera by
continuum emission from the plasma. This delay was shorter
in the femtosecond regime than in the nanosecond regime
due to a lower temperature of the femtosecond laser-induced
plasma. For either time-integrated spectra or kinetic series,
each spectrum was accumulated for 1000 laser shots.

lll. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Time-integrated spectra: A comparison between
femto- and nano-LIBS

Figure 2 shows time-integrated spectra of E. coli ob-
tained with femtosecond pulses [Fig. 2(a)] and nanosecond
pulses [Figs. 2(b) and 2(c)]. Look first at Figs. 2(a) and 2(b).
Both of these spectra were recorded with a detection delay of
100 ns, a maximal gain for the ICCD camera (gain=255),
and with detection windows of 5 us and 50 ns for Figs. 2(a)
and 2(b) respectively. In this overview presentation of the
spectra, one can already observe differences between the two
temporal regimes. Continuum emission is much more sig-
nificant in the nanosecond spectrum than in the femtosecond
spectrum. That can be clearly seen by comparing Figs. 2(a)
and 2(b). For the same delay of 100 ns, continuum emission
from the femtosecond pulse-induced plasma is already
damped down enough to allow a good line to continuum
ratio of the spectrum, while in the nanosecond regime the
spectrum is still totally dominated by the continuum emis-
sion, which saturates the camera. Notice that the quasiperi-
odical modulation on the continuum spectrum is due to the
spectral efficiency of the spectrometer. In order to avoid the
saturation of the camera and get a good line to continuum
ratio, in Fig. 2(c), a nanosecond spectrum is recoded with a
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FIG. 2. Time-integrated spectra of E. coli with (a) femtosecond pulses and
[(b) and (c)] nanosecond pulses.

detection delay of 200 ns, a detection window of 5 us and a
minimal ICCD gain (gain=0). These detection parameters
provide a good quality nanosecond spectrum that we used in
the rest of this section to give a detailed comparison between
the tow temporal regimes. Since the continuum emission in-
tensity is crucially related to plasma temperature («<7%), the
weak continuum emission in the femtosecond regime con-
firms a lower temperature in femtosecond laser-induced
plasma averaged over the detection period.

An important consequence of lower plasma temperature
in the femtosecond regime is that the emission from excited
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FIG. 3. Detailed spectra of E. coli in the near infrared in (a) femtosecond
regime and (b) nanosecond regime.

ambient air (oxygen and nitrogen lines) is almost not ob-
served in contrast with the nanosecond regime. In Fig. 3
detailed spectra are shown in the near infrared to illustrate
the reduced ambient air emissions in the femtosecond regime
as compared to the nanosecond regime. One can, for ex-
ample, compare for both the temporal regimes, the intensities
of line emissions from atomic nitrogen and oxygen to those
of the two lines from potassium atoms. This result is consis-
tent with our previous observations on a metallic target.g’10
Such very low ambient air excitation in the femtosecond
regime prevents ambiguities in interpretation of atomic nitro-
gen and oxygen lines, which can also be emitted by a bio-
logical sample.

Another important consequence of lower plasma tem-
perature in the femtosecond regime is that trace mineral el-
ements can be detected from bacteria with a higher contrast.
The reason is the less intense and quickly damped continuum
emission, allowing a shorter detection delay after each laser
shot. As shown below, mineral atomic emitters have very
short lifetimes (typically less than 100 ns). A short detection
delay is thus crucial for their detection. Figure 4 shows de-
tailed spectra from Escherichia coli obtained using femtosec-
ond [Fig. 4(a)] and nanosecond [Fig. 4(b)] pulses. The very
weak K I 404.41 nm line is perfectly resolved in the femto-
second spectrum, while it cannot be distinguished at all in
the nanosecond spectrum. As shown in Fig. 5, other more
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FIG. 4. Detailed spectra of E. coli with (a) femtosecond pulses and (b)
nanosecond pulses showing the K I 404.41 line in the femtosecond
spectrum.

intense mineral atomic lines, such as the 421.03 and
421.36 nm iron lines or the 422.67 nm calcium line, can be
observed in both regimes but with a much better contrast and
resolution using femtosecond excitation. As already known,
trace mineral elements are very important and specific for
micro-organisms such as bacteria, as they actively participate
in their metabolism and have an influence on their
structure.”’ The detection of the spectral signatures from
mineral elements therefore provides valuable information to
distinguish different bacteria.

An example of the correlation between mineral element
emission in a LIBS spectrum and a biological property of a
bacterial sample is given in Fig. 6 with emissions from neu-
tral and ion magnesium. Emissions from Mg II 279.55 and
280.27 nm lines, and Mg I 285.17 nm line were detected in
femto-LIBS spectra of both E. coli and B. subtilis, grown in
an identical nutritional medium. Both spectra are averaged
over five independent spectra accumulated each for 1000 la-
ser shots. We see clearly that the emissions from magnesium
are significantly larger in E. coli than in B. subtilis. The
difference is much larger than the standard deviation calcu-
lated from the five independent spectra, which is 16% of the
signals. The difference in magnesium concentration is related
to the different structures of these two bacteria. It is known
that E. coli is a Gram-negative bacterium, while B. subtilis is
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FIG. 5. Detailed spectra of E. coli with (a) femtosecond pulses and (b)
nanosecond pulses showing 421.03 and 421.36 nm iron lines and 422.67 nm
calcium line.

a Gram-positive one. A specific outer membrane envelops a
Gram-negative bacterium. In this outer membrane, different
proteins are maintained together by divalent cations, such as
Mg*? and Ca*™?. We expect thus find a more intense magne-
sium emission from a Gram-negative bacterium, such as E.
coli. The intensity of magnesium emission measured from a
LIBS spectrum of a bacterium is thus correlated to the clas-
sification of bacteria by the standard Gram test used in
microbiology.20

A remarkable difference between femto- and nano-LIBS
spectra consists also in the ratio between molecular and
atomic emissions. For carbon, for example, the most abun-
dant element in organic materials, we find very different in-
tensity ratios of molecular bands to atomic line, CN/C or
C,/C, between a femtosecond spectrum and a nanosecond
spectrum. These ratios are significantly larger in the femto-
second spectra than in the nanosecond spectra, as shown in
Fig. 7 for the CN band compared to the C line and in Fig. 8
for the C, band compared to the C line. The larger molecular
band to atomic line intensity ratio for femtosecond spectra
implies that the ablation in the femtosecond regime produces
more molecular species than in the nanosecond regime. This
result is similar to previous observations in the nanosecond
UV ablation of organic matters.' "’

This property of femto-LIBS is interesting for the analy-
sis of organic and biological samples, since such samples are
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FIG. 6. Detailed femto-LIBS spectra (a) of an E. coli sample, and (b) of a B.
subtilis sample showing a comparison of the emission intensities of Mg II
279.55 and 280.27 nm lines and Mg I 285.17 nm line. The spectra were
recorded with same experimental conditions.

characterized by functional groups that consist of intramo-
lecular bonds. For example, the CN bond is characteristic of
the presence of the amino group, —-NH,, in a biological
sample. The detection of CN bands in a LIBS spectrum may
thus provide an indication (certainly not definitive) of a bio-
logical medium. However, it has been demonstrated that CN
radicals can be formed when a laser-induced plasma expands
through ambient air by carbon recombination with atmo-
spheric nitrogen. Such recombination is observed either in
nanosecond UV (Ref. 21) or nanosecond IR (Ref. 22) laser
pulse-induced plasmas. The origins of the CN bands in a
LIBS spectrum thus have to be carefully checked. We will
show in the following section that with time-resolved femto-
LIBS, it is possible to identify the contribution of native CN
bonds released by the sample, which might provide a signa-
ture of a biological medium.

A detailed analysis of spectra from E. coli obtained with
both femtosecond and nanosecond LIBS is summarized in
Table 1. Atomic™ and molecular®* spectral data bases were
used for spectral line identification. We precise for each re-
solved line the spectral position and the relative importance
in the femtosecond and the nanosecond regimes. Some of the
lines are almost only observed in the femtosecond regime,
others almost only in the nanosecond regime (in these cases

Downloaded 30 Apr 2006 to 159.226.36.236. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



084701-6 Baudelet et al.

1.4x10°
1.2x10° CN
1.0x10° ]
8.0x10%

8.0x10™

4.0x10%

Intensity (ICCD counts)

2.0x10* c LW
O'O :'__I T J\'l— T /IAI T T T V‘;
2470 247.5 248.0 2485 382 384 386 388 390
a) Wavelength {(nm}

—

6x10%
5%10*
ax10*
3x10*

2x10%

Intensity (ICCD counts)

1x10% 4

A,

0 4 - e

74

247.0 2475 2480 2485 382 384 386 388 390
(b) Wavelength {(nm)

FIG. 7. Detailed spectra of E. coli with (a) femtosecond pulses and (b)
nanosecond pulses showing 247.86 nm carbon atomic line and CN molecu-
lar band around 387 nm.

their intensity in the other temporal regime is almost in the
noise level). Some of lines can be observed in the both re-
gimes with comparable or quite different relative intensities.
A specific line can also be observed in different sample: al-
most only in the bacteria; in the bacteria and in the nutri-
tional medium; in the bacteria, in the nutritional medium and
in the filter; or in the bacteria and in the filter. The specific
spectral lines from the bacteria are easily identified in this
way by simple differentiation. Globally hundred of lines are
resolved, and can be attributed to 13 different atomic or mo-
lecular emitters.

B. Time evolution of the spectral emissions
from femtosecond laser-induced plasma

After each laser shot the induced plasma emits a charac-
teristic spectrum which evolves in time. Different emitters,
atoms, or molecular bonds, have their specific decay time
constants. The determination of these time constants has
practical interest for precisely setting the time detection win-
dow in a synchronized detection. For molecular species, ki-
netic study has a fundamental interest, because as mentioned
above molecular bonds can either be released directly from
the sample or formed by recombination with ambient air.
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Only a time-resolved study allows a distinction between na-
tive intramolecular bonds ablated from the sample and mo-
lecular bonds formed by recombination.

Figure 9 shows the time evolution of the intense Ca I
422.6 nm line. The emission quickly decays between 50 and
100 ns. The relative uncertainty due the fluctuation from one
kinetic series to other was estimated to be £10%. A fit with
exponential decay functions (experimental uncertainties
taken into account) yields a decay time constant of
(60£15) ns. Other less intense mineral lines exhibit similar
decay time constants. Shortness of the lifetime of mineral
atomic emissions explains the importance of a low plasma
temperature for their detection with a high contrast.

Concerning the molecular bands observed in the spectra,
it has been demonstrated that CN bonds can be formed by
the reaction C,+N,«—2CN when a graphite sample is ab-
lated by UV or IR nanosecond laser pulses (KrF at 248 nm
or Nd:YAG at 1064 nm) in ambient air containing
nitrogen.21’22 The time constant of recombination in a UV
nanosecond laser-induced plasma is several hundreds of
nanoseconds, during which the molecular band head inten-
sity increases to a maximum value before it decays to zero.”!
This time evolution can be perfectly resolved with our detec-
tion system. In contrast, the contribution of native CN bonds
released by a biological sample would monotonically decay
from a maximum value to zero. To get representative con-
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TABLE I. Resolved spectral lines in time-integrated spectra obtained in the both femtosecond and nanosecond regimes of E. coli and identified atomic and
molecular species. Relative importance of the lines in femtosecond or nanosecond regimes is specified in the column “Temporal regimes.” Observation
conditions relative to samples are specified in the column NB. The following labels are used to precise the observation condition of a spectral line: F!: almost
only observed in femto-LIBS; F: intense in femtosecond regime, weaker in nanosecond regime; F/N: observed in femto-LIBS as well as in nano-LIBS with
comparable relative intensity; N: intense in nanosecond regime, weaker in femtosecond regime N!: almost only observed in nano-LIBS. For different types of
samples, a specific spectral line can be observed either: (1) almost only in bacteria (NB: 1) (2) in bacteria and in nutritional medium (NB: 2), (3) in bacteria,
in nutritional medium and in filter (NB: 3), or (4) in bacteria and in filter (NB: 4).

Temp. Temp. Temp. Temp.

N (nm)  Species regime NB N (nm) Species regime NB A (nm) Species regime NB A (nm) Species regime NB
247.86 CI F/N 3 416.70 CN F 3 516.45 C2 F! 3 748.62 NI F! 3
279.54 Mg II F/N 2 418.07 CN F 3 516.71 Mg 1 F 1 766.55 KI F 3
280.28 Mg II F/N 2 419.65 CN F 3 517.23 Mg I F 1 769.92 KI F 3
283.43 F! 1 421.52 CN F 3 518.37 Mg 1 F! 1 777.47 Ol N 3
285.17 Mg I F 2 421.05 Fe I F! 1 550.10 Fe I F! 1 795.26 Ol N! 3
313.18 Fe I F! 1 421.39 Fe I F! 1 558.46 C2 F 3 797.12 F! 1
313.43 Fe II F! 1 422.66 Cal F 3 563.47 C2 F 3 818.37 Nal F! 3

426.24 F! 1 572.15 F! 2 818.86 NI N 3
317.94 Call F/N 1 430.28 Cal F 1 572.72 F! 2 819.44 ClI F! 3
336.00 oI F 3 432.04 e F! 1 574.37 e F! 1 824.34 NI N 3
358.26 CN F/IN 4 441.49 o1l N! 3 589.01 Na I F 3 833.62 N! 3
358.34 CN F 3 443.52 Fe I F 1 589.59 Nal F 3 844.73 Ol N 4
358.57 CN F 3 444.70 N II N! 3 607.18 F! 1 854.20 Call N 3
358.99 CN F 3 445.51 Na II F! 4 625.94 F! 1 856.68 NI N! 3
373.78 Fe I F 1 459.90 Fe 1 F! 1 635.59 F 3 859.63 N! 1
385.10 CN F 3 462.63 PII F! 1 656.08 HI F/N 3 863.14 NI N 3
385.39 CN F 3 711.83 Fe I F! 1 868.15 NI N 3
386.13 CN F 3 467.81 C2 F! 3 870.46 NI N 3
387.08 CN F 3 467.96 C2 F! 3 720.16 Cal F 4 871.28 NI N! 3
387.80 Fe I F! 1 468.46 C2 F! 3 738.30 F! 2 871.95 NI N! 3
388.29 CN F 3 469.71 C2 F! 3 741.36 e F! 2 874.06 PI F! 1
393.35 Call F 3 471.45 C2 F! 3 742.44 NI N! 3 881.93 Ol N! 3
396.83 Call F 3 473.65 Cc2 F! 3 744.33 NI N! 3
404.42 K1 F! 1 500.58 N II N! 3 746.94 NI N! 3
415.74 CN F 3 512.87 C2 F! 3 747.35 Fe I F! 1

figurations with respect to nitrogen and carbon containing in
inorganic as well organic matter, we used three samples for
this kinetic study: graphite, which contains exclusively car-
bon rings; cellulose nitrate membrane filter, where nitrogen
atoms are provided by the nitrate group —ONO, and where
CN bonds do not exist initially; and bacterial samples, E. coli
and B. subtilis, where native CN bonds is a characteristic
intramolecular bond provided by the connection of amino
groups —NH, or =NH to carbon atoms.

Time-integrated spectra show similar CN and C, bands
for the four samples even if the intensity ratio C,/CN is
higher for the graphite sample. Thus CN bands in a time-
integrated spectrum do not represent a significant marker of
CN intramolecular bonds in a sample. This is consistent with
the conclusion from previous works on the nanosecond LIBS
analysis of bacteria."* Kinetic study is thus the only way to
distinguish the origin of the CN bonds observed in a LIBS
spectrum. Time evolutions of the band head intensity for CN
(at 388.3 nm) and C, (at 516.5 nm) bands are shown in Fig.
10 for the four samples: (a) graphite, (b) cellulose nitrate, (c)
E. coli, and (d) B. subtilis. Error bars presented with the data
correspond to fluctuations of the signals from one kinetic
series to other recorded in the same experimental conditions.

For graphite [Fig. 10(a)], C, can be directly released by
the sample. The time evolution of its band head intensity is a

simple decay from an initial maximal value. However, CN
radicals can only be formed by recombination of carbon ab-
lated from the sample and atmospheric nitrogen. The ob-
served increasing band head intensity in the first 472 ns after
the laser shot provides the evidence of the recombination of
CN radicals. This temporal behavior is clearly distinguished
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2.5x10%-

2.0x10*-
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FIG. 9. Time evolution of the Ca I 422.67 line from an E. coli sample.
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FIG. 10. Time evolutions of band head intensity of CN (at 388.3 nm) and C, (at 516.5 nm) for four different samples: (a) graphite, (b) cellulose nitrate, (c)
Escherichia coli, and (d) Bacillus subtilis. The smooth curves in Fig. 10(a) correspond to theoretical fits.

from that of C, radicals directly released by the sample. No-
tice that the observed CN band behaves similarly as what
was observed in nanosecond UV ablation of a graphite
sample.21

For the cellulose nitrate filter [Fig. 10(b)] as well as the
two bacterial samples [Figs. 10(c) and 10(d)], a monotonic
decreasing behavior is observed for the CN as well as for the
C, band head intensities. This behavior clearly indicates a
different origin of CN radicals as compared to the case of
graphite. Using an exponential decay fitting for the CN band
head intensities presented in Figs. 10(b)-10(d), and take into
account experimental error bars, we get a time constant of
185+45 ns for the filter, 100+30 ns for E.coli, and
13585 ns for B. subtilis. Different values in decay time
constant are correlated further to the different origins of the
observed CN bonds in these two types of sample. For a bac-
terial sample, CN band can be due to native CN bonds di-
rectly ablated from the sample, while for the filter, CN bonds
result from an intraplasma recombination between carbon
and nitrogen atoms. That suggests a shorter decay time con-
stant of CN bands for a bacterial sample than for an organic
carbon- and nitrogen-containing sample. This seems to

be confirmed by our experimental data using two different
bacteria and an organic sample. One remarks, however, that
the difference in CN band decay time constants is not so
large compared to the uncertainty due to experimental fluc-
tuations from a kinetic series to other and the difference be-
tween two bacteria. Our data from the kinetic study demon-
strate thus that the time-resolved femto-LIBS may provide a
clear distinction between carbon-containing inorganic or or-
ganic samples (for example, graphite, hydrocarbons, etc.)
and nitrogen-containing organic or biological samples (espe-
cially bacteria). However, a differentiation between a bacte-
rial sample and a nitrogen-containing organic sample using
the CN molecular bands requires a more careful quantitative
comparison of decay behaviors of the molecular bands. Or
other characteristic compounds, such as trace mineral ele-
ments, may be used to provide further differentiation.

As already pointed out, when a graphite sample is ab-
lated, CN radicals are mainly formed by gas phase reaction
during the propagation of the carbon vapor through the N,
gas by the reaction: C,+N, < 2CN 2! The dynamics of such
reaction can be described by the following coupled rate
equations:22
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where [x] refers the concentration of the species x, k the rate
of the reaction, ;2 and v" the diffusion frequencies for C,
and CN related to the expansion of the plasma. The solutions
of these equations,

[C,](1) = [CyJpe KN,

)
2[C,]y
N — (U2 + KIN,])

[CN](r) = ( N e—(k[N2]+v52)z)’

were used to fit the experimental data in Fig. 10(a). A genetic
algorithm has been used to adjust the four independent pa-
rameters, [C,]o, k[N,], de2, and vgN in order to fit Eq. (2) to
the experimental data presented in Fig. 10(a) (a baseline is
determined using the signal at a very long detection time).
The results show values of 6.58 X 107 s™!, 1.04x 10° s7!,
and 2.60 X 10° s~! for k[N,], v52, and ", respectively. This
value of k[N,] can be compared to that extracted from the
infrared nanosecond regirne.22 We find here a three-time
larger value in the femtosecond regime, which implies a la-
ger reaction rate between atmospheric N, and C, in a lower
temperature carbon plasma induced by a femtosecond pulse.
We remark also that the value of USN is significantly larger
than that of vdcz, which is consistent with the mechanism of
recombination between carbon molecules and atmospheric
nitrogen molecule in the interface of plasma plume with am-
bient air. So the population of CN bonds is distributed on the
surface of the plasma plume, while that of C, is contained in
the volume of the plasma.

IV. CONCLUSION

In conclusion, we have demonstrated LIBS analysis of
bacteria with femtosecond laser pulses. A comparison be-
tween femto and nano-LIBS in the near infrared region dem-
onstrates attractive features related to the use of ultrashort
pulses for the LIBS analysis of a biological sample. These
attractive features are related to the lower and faster decay-
ing temperature of the femtosecond laser-induced plasma.
We have demonstrated thus less interference with emissions
from ambient air and higher contrast for the detection of
trace elements in a bacterial sample with femto-LIBS. We
have also observed a higher ratio between molecular and
atomic emissions implying a large concentration of molecu-
lar fragments in femtosecond laser-induced plasma. We have
shown in particular that native CN bonds released by a bac-
terial sample can be characterized by a short decay time of
its band head intensity. This allows an unambiguous distinc-
tion with respect to CN radicals formed by recombination

J. Appl. Phys. 99, 084701 (2006)

with atmospheric nitrogen, which can be commonly ob-
served in a carbon-containing nonbiological sample (for ex-
ample, graphite, hydrocarbons, etc.).The strong emission of
the CN bands in a femto-LIBS spectrum together with its
rapid decay behavior provides a quick, certainly not defini-
tive, indication of a bacterial sample, some kinds of first
warning that triggers other more detailed and more sophisti-
cated analysis. Such detailed analysis can be provided by
trace mineral elements from a bacterial sample, which can be
detected with a high sensitivity using femto-LIBS. These
trace elements should contribute to the characterization of a
specific bacterium, since they participate in the metabolism
of the bacterium and influence their structure. Molecular and
atomic spectra thus provide together valuable data for a spe-
cific bacterium to be either detected from a natural environ-
ment or distinguished from other biological species.
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