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Abstract

Efficient quantitative detection for halogens is necessary in a wide range of applications, ranging from pharmaceutical products to air

polluting hazardous gases or organic compounds used as chemical weapons. Detection of the non-metallic elements such as fluorine (F) and

chlorine (Cl) presents particular difficulty, because strong emission lines originating from their resonance states lie in the VUV spectral range

(110–190 nm). In the present work we detect F and Cl in the upper visible and in the near IR (650–850 nm) under controlled inert gas ambient

atmosphere. Investigation of the controlled atmosphere effects suggests that there exists an optimum pressure range that optimizes signal

strength and quality. Ablation and ionization were achieved with a UV laser at 355 nm, and a gated GaAs photocathode-based detector was used

for detection with quantum efficiency in the range of 20% in the wavelengths of interest. Our results indicate that our approach provides

quantitative detection with linearity over at least two orders of magnitude that is achieved without the need for Internal StandardizationMethod,

and improved limits of detection. In particular, fluorine has been detected for concentration values down to 0.03 wt.% Definite spectral

assignment revealing all major emission lines centered around 837 nm for F and 687 nm for Cl has been obtained for the first time in Laser-

induced breakdown spectroscopy application.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS) has

become a well-established analytical technique that is

characterized by the rapid, multi-elemental determination in

solids, liquids and gases. Its great advantages are the

versatility, minimal sample preparation and simplicity. As
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an analytical tool, LIBS finds today applications both in the

laboratory as well as in field measurements and in remote

analysis for hostile environments. The operating principle of

LIBS is very simple: a powerful pulsed laser is focused on the

sample surface. Photon absorption leads to vaporization of a

small amount of the sample material, which, through further

photon absorption, is transferred into plasma. Subsequent

recombination of the electrons with the ions results to

emission of light that is analyzed by a spectrometer and the

elements present in the analyte are identified by their

characteristic lines. LIBS laboratory techniques are still

being developed: one aspect of the development effort aims

to further optimize various experimental parameters to

improve the capabilities of the technique (e.g. in view of
60 (2005) 1132 – 1139
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Fig. 1. Experimental apparatus used in this experiment.
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reducing the lowest amount detectable, LOD—lowest order

of detection); on the other side, aiming to incorporate new and

improved instrumentation available, to extend the analytical

applicability of LIBS to elements that for various reasons

could not be determined efficiently thus far.

While there are abundant LIBS applications involving

analysis of metallic elements in various samples (alloys,

soil, paper, paint, etc.), non-metals such as sulfur [1], carbon

[2–4], phosphorus [5], as well as halogens, have been less

investigated [6,7]. However, efficient quantitative detection

for halogens is necessary in a wide range of applications,

from pharmaceutical products [8] to air polluting hazardous

gases [9], aqueous solutions [10], organic compounds used

in chemical weapons [11,12], or even from stand-off

distances in non-standard environments [13].

The difficulty for halogen determination by LIBS is

attributed to, among other reasons, their energy level

distribution. For example, the strongest emission lines for

fluorine and chlorine lie in the VUV spectral range (95.48

and 134.72 nm for F and Cl, respectively) [14,15]. There are

many drawbacks inhibiting practical application of LIBS in

this region, such as (a) the strong absorption of atmospheric

oxygen that necessitates a complete vacuum light path (or

oxygen-free), (b) the lack of CCD detectors with high

sensitivity in the VUV region, and (c) the strong absorption

of silica-based light collection and imaging optics, as well as

fiber optics for signal transport, thus necessitating the use of

expensive VUV optics based on MgF2 or CaF2 materials.

Optical transitions applicable for LIBS detection but less

strong than those in the VUVexist in the upper visible and in

the near IR (500–850 nm). These are transitions between the

excited states (n +1)s 4PY(n +1)p 4D manifold (n=2 for F

and n =3 for Cl), corresponding to wavelengths centered

around 690 nm for F, and 837 nm for Cl. Detection in this

spectral region presents several advantages compared to the

VUV region, such as: (a) no vacuum is required for the emit-

ted light path, (b) availability of fibers with good transmission

in the NIR, and conventional NIR optics for imaging is much

more easier and economic than in the VUV, and (c) the

spectrometer can still be operated in atmospheric conditions.

While detection of F and Cl in this area has been known

and in employed in relative few LIBS experiments

[16,17,10,18,19], our work aims to investigate the combined

effect of several parameters that while they have been sepa-

rately proven to improve signal, their combination for halo-

gen detection has not yet been studied. The questions that we

seek to answer are: what are the optimum experimental con-

ditions in order to improve signal detection metrics, such as

signal-to-noise, LOD, and calibration linearity. The purpose

of our work is to optimize those experimental parameters that

are necessary for an efficient detection of F and Cl.

Thus in this present work:

1) We employed an intensified and gated CCD detector with

improved spectral response in NIR. This gated CCD

enables time-resolving and simultaneously provides high
quantum efficiency and near-constant sensitivity response

from 600 to 900 nm.

2) Contrary to all previous work that employed an IR laser

wavelength (1.06 Am) for the F and Cl determination, we

employed the third harmonic of the Nd:YAG laser (355

nm). Our results indicate that this UV wavelength is

better coupled to the sample than the IR wavelength, and

as a result emission line signals were significantly

improved, in both aspects of signal to noise (S/N) ratio

and in the strength of the signal itself.

3) Finally, up to now, halogen detection in inert gas

environment has been performed either with diluted inert

gas [9,12,19], or under gas flow [8,11]. Our experiments

were performed in a vacuum chamber under a controlled

inert gas (He) atmosphere, with pressures varying from

few mbar to 1 atm. Thus, we were able to investigate the

effect of gas pressure on signal improvement, and our

results indicate that there exists a pressure range (below

100 mbar) for which the optimized elemental emission

improves substantially. Such gas pressure cannot be

achieved with previously known gas flow techniques.

For this optimum ambient gas (He) pressure, calibration

curves for fluorine and chlorine signal are presented. No

internal standardization (IS) method was necessary; instead

the net signal strength (peak to background value) versus the

elemental concentration in the samples has been used to

derive the calibration curves. Despite the lack of IS method,

these calibration curves demonstrate a good linearity for

concentration values over an extended range.
2. Experimental

A schematic diagram of the experimental apparatus is

presented in Fig. 1. The setup consists of the following
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subsystems: the laser source, the imaging subsystem, the

vacuum chamber where the samples have been placed, and

the detection system.

2.1. Laser source and imaging subsystem

The laser was a Quantel (Model YG981) pulsed Nd:YAG

laser at a repetition rate of 5 Hz, operating at the 3rd

harmonic (UV wavelength 355 nm) and with pulse energies

in the range of 10–26 mJ per pulse. The fundamental IR

laser output (1.06 Am) has been used in the initial stage of

the experiment, only for comparison with the previous

literature data. A fast photodiode (MRD500 Motorola, rise

time 1 ns) was positioned near the target and was triggered

by the laser pulse. This signal was shaped to a TTL pulse

and fed to the CCD detector to serve as t=0 in the time-

resolved measurements. A converging quartz lens with a

focal length of 150 mm was used to focus the laser beam on

the target. A 2-m-long quartz optical fiber (CVI Laser Corp.,

beam <=0.4 mm, numerical aperture 0.22), placed close to

the plume (few mm) under an angle of 45- relative to the

sample normal, collected the plasma emission. The light

exiting the fiber was focused by a two-lens imaging system

on the entrance slit of a 600-mm focal length Jobin-Yvon

HRP spectrometer (1200 lines/mm grating, entrance slit

ranging from 80 to 200 Am).

2.2. Samples and preparation

Two different kinds of samples were used: the first kind

was the pharmaceutical product with the commercial name

Apofluxi with NaF as active agent, in two different

concentrations: 1 mg and 0.25 mg in the tablet, on a

measured total of (370T2) mg per tablet. Thus the NaF

percentage in the tablet was 0.067% and the corresponding

values for F were 0.12% and 0.03%, respectively.

The second group of samples with variable Cl and F

concentrations were prepared by mixing of chemically pure

powders of NaCl and NaF with CH3COONa and Na2SO4,

respectively. These mixtures were prepared using a micro-

balance and then pressed into disks with a 14-mm < and

4-mm thickness.

2.3. Vacuum chamber and sample positioning

The samples were placed inside a custom-built vacuum

chamber in which ambient pressure could be accurately

controlled by a fine-metering valve.

Sets of up to six samples with different concentrations

were mounted on a PC-controlled XY translator, enabling

position movement with a step size of 0.5 mm. During

measurements, target position was typically changed every

5 pulses: thus an area of about 5�5 mm was scanned each

time. Initially, the emission signal was optimized by

positioning the optical fiber head to maximize signal in

atmospheric pressure air. Then the vacuum chamber was
evacuated and the He pressure was set. The whole process

of evacuation to filling of inert gas environment was

complete in a time frame of less than 10 min.

For every new sample, first the real-time mode of the

detector was used to optimize signal by changing the time

resolution detection parameters gate width and delay via the

software. During this mode, the laser pulses helped clean the

sample surface, before the actual measurements.

Subsequently, the accumulation mode was selected:

usually 300 to 500 spectra were summed. As a result, and

in combination with the sample movement, the data studied

represent the average of a small sample volume of the

sample rather than a single spot, and thus are more

representative of sample concentration. In addition, pitting

effects were averaged for all samples in a uniform fashion.

2.4. Detection system

Since plasma emission is a highly transient phenomenon,

our measurements were performed in a well-defined time

window of observation with the use of a gated iCCD [20]

(Andor iStar III Filmless), with a near constant 20%

quantum efficiency in the 600–900 nm range. The detector

was triggered externally by the photodiode signal and

accurate time-domain measurements in respect to the laser

pulse were performed by using the internally developed

software, embedded in the iCCD user interface (Andor iStar

3.12). Typical delay values were 100–200 ns and gate

widths 10–20 As. The spectral window was in the vicinity

of 20 nm. The limiting factor in the wavelengths of

operation, and for that dictate the dispersion function, was

the geometry of the specific combination of spectrometer

and diffraction grating rather than the detector sensitive area

(18 mm diameter). Each file containing accumulated

spectral information was transferred into ASCII files,

processed and plotted by standard software (Microcal

Origini 6.0). For wavelength calibration of the unknown

spectra and peak assignment for Cl and F, we used Ne

emission spectra of DC hollow cathode lamps as reference.

Wavelength values for the reference spectra were taken from

[21]. This method revealed a wavelength accuracy of 0.5 Å

or better for the LIBS spectra.

We employed a cut-off filter to ensure that detected

spectra actually correspond to NIR first-order diffraction

and not a second order, given that in the vicinity of 710 nm

a second-order signal from the 355-nm laser line was

expected. The spectral information shown in subsequent

figures was received with this cut off filter in place.
3. Results and discussion

3.1. Laser wavelength effects

In the previous work [8,9,11,12] concerning halogen

detection, the 1.06-Am fundamental wavelength of the



Fig. 2. Energy level diagrams for fluorine and chlorine relevant for this

experiment.

Fig. 3. Fluorine emission in the 685-nm region. The experimental

parameters were: 100-ns gate delay, 20-As gate width and 50-mbar He

pressure. The fluorine concentration was 5.62 wt.% in the sample. The laser

energy was 26 mJ/pulse.
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Nd:YAG laser has been always used. We selected the third

harmonic of the Nd:YAG laser at 355 nm in this experiment.

There is a number of reasons that the use of a UV

wavelength may enhance signal. Due to enhanced photon,

multi-photon, and other absorption mechanisms in the UV,

there is significant improvement of laser pulse energy

transfer onto the sample. As our results indicate, with the

use of this UV wavelength, there is substantial improvement

of the signal-to-background ratio, manifested by substantial

reduction of the non-resonant strong background continuum

typically observed in known spectra, such as Fig. 4 in [8].

This non-resonant continuum is due to Bremsstrahlung

emission of the plasma electrons. This indicates a high

electron density and hot plasma, produced by the strong

absorption of the IR laser photons. Thus there is a strong

emission of non-resonant background radiation overlapping

with the emission lines of interest.

A further consequence of working with an IR laser is the

early onset of plasma shielding. As the plasma absorption is

favored by a long wavelength, the electron density ne, is

increasing during the laser initial pulse rise. With increasing

ne, the plasma frequency, me, which is proportional to ne
1/2, is

increasing too and as soon as its value surpasses the laser

frequency, the laser pulse is strongly reflected by the plasma

[22–24]. Thus plasma shielding occurs earlier for an IR

laser than for a UV laser beam, and only a small part of the

laser energy (actually its leading edge) reaches the sample

and participates in the evaporation/ionization process.

On the other hand, with the use of the 355-nm

wavelength that we adopted for sample ablation, the laser

absorption (due to inverse Bremsstrahlung), being approx-

imately proportional to the square of the laser wavelength

[25,26], results in a significant decrease in background

emission, because of the lower electron density in the
plasma. Furthermore, the critical value of the electron

density for plasma shielding is shifted to even higher

frequencies so that more sample material can be evaporated,

leading to an even higher concentration of the analyte atoms

in the plasma and consequently to stronger emission lines:

this leads to a significantly improved signal-to-noise ratio.

In particular then, sample ablation occurs during a larger

part of the laser pulse. Such are the spectra shown in Figs. 3

and 4.

3.2. Energy levels diagrams and line assignments

Fig. 2 shows the relevant energy level diagrams for

chlorine and fluorine used in the experiment. They

correspond to emissions between the fine structure sublevels

of the homologous ns 4PYnp 4D transition (n =3 for F and

4 for Cl). Our typical experimental LIBS emission spectra

corresponding to these exact transitions are presented in Fig.

3 for fluorine and Fig. 4 for chlorine.

From the fluorine spectrum shown in (Fig. 3), centered

on 685 nm, the 685.6-nm line, being the strongest one, has

been used further in this experiment for the analytical

investigations. This spectrum has been recorded under 60

mbar He ambient gas and is the result of 200 accumulations.

The detection parameters were 100 ns and 20 As for the gate
delay and width, respectively, with gain set to 130 on a scale

of 0 to 255.

The chlorine spectrum (Fig. 4) is centered around 840

nm. The 837.59-nm line is the strongest line in this region

and has been further used in this work. This spectrum has

been recorded under 81 mbar He ambient gas and is the

result of 500 accumulations. The detection parameters were

200 ns and 10 As for the gate delay and width, respectively,

with gain set to mid-range of the available settings.

There are two additional peaks in this figure, the 844.65-nm

oxygen line, and the 833.52-nm carbon line. Both peaks



Fig. 5. Dependence of F 685.6-nm line on the He pressure. F concentration

in the sample: 5.65 wt.%.

Fig. 6. Dependence of the Cl 837.59 line on the He pressure. Cl

concentration in the sample: 12.3 wt.%.

Fig. 4. Chlorine emissions in the 840-nm region for two chlorine

concentrations (24.25 wt.% and 3.06 wt.% in the sample). The experimental

parameters were: 200-ns gate delay, 10-As gate width and 81-mbar He

pressure. The wavelengths of the chlorine lines are indicated in the figure.

The laser energy was 26 mJ/pulse. For further explanations, see text.
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correspond to elements present in our samples, CH3COONa,

mixed to NaCl sample.

3.3. Pressure dependence of chlorine and fluorine emissions

In a large number of publications it has been indicated

that the ambient gas has a significant influence on the

signal characteristics in a plasma environment. In the past,

comparisons have been presented between air and inert

gases. For chlorine and fluorine it has been shown [8,12]

that an improvement of signal strength is achieved if the

plasma is created in a He atmosphere. This improvement

can result from two reasons. First the signal-to-background

is increased, due to the strong reduction of the background

emission: due to its higher ionization potential of 24.6 eV

in respect to air (N2 and O2) and the other noble gases, the

lower electron density of a He plasma leads to a weaker

emission (Bremsstrahlung) of background radiation. Sec-

ondly, plasma shielding effects are less pronounced

(mp¨ne
1/2) when He is used as ambient gas and this leads

to enhanced material evaporation from the target and

therefore to stronger elemental emission.

In the previous work implementation of He as a

surrounding inert gas has been achieved [8,11,14] by

flushing He gas in front of the sample, where the gas flow

was kept constant with no change (or control) of the ambient

pressure. Contrary to this, we used in our work a vacuum

chamber where the He pressure could be set accurately to

any desired value between 0 and 1000 mbar by using a fine-

metering gas valve. Several spectra have been accumulated

for various pressure values, and our results indicate that the

halogen spectral emission is heavily dependent on the He

pressure: in particular, there exists an optimum pressure

value for which, e.g. the fluorine emission can be enhanced

substantially, compared to previously published work.
Figs. 5 and 6 illustrate the effect of He pressure on the

emission line strength of fluorine and chlorine, respectively.

We observed in both cases a strong increase of the signals

compared to those under vacuum conditions (10� 2 mbar).

Further, both signals decrease significantly when the He

pressure is increased towards to one atmosphere of He.

Between the low- and high-pressure regions there exists a

range of ambient pressure values between 30 and 80 mbar

for which signal strength achieves maximum values. Since

plasma plume volume is also dependent on ambient pressure

(plasma confinement), an optimized setup, which would

include a varying fiber distance from the plasma plume to

collect the same emission energy would reveal the exact

optimal pressure in this range.

The observed signal dependence on ambient gas pressure

might be explained if we adopt that different, pressure-

dependent mechanisms dominate in the two pressure

regions. The above-mentioned effect, as discussed in



Fig. 7. Calibration curve for the NaF+Na2SO4 samples for 60- and 30-mbar

He pressure. The absolute signal of the strongest F line at 685.60 nm has

been used.
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Section 3.1 and the size of plasma plume and probing

volume for each pressure value may be two of them. For

example, the decreasing effect of the signal in the high-

pressure region may be explained by the increasing

shielding of the laser radiation. This may overtake the more

efficient signal collection from a narrower observation

region by the fiber that is expected because of the plasma

confinement. The opposite effect would explain the signal

increase in the low-pressure range.

A further important parameter appears to be the energy of

the laser pulse: this value does not only correlate with the

ablated sample mass, but mainly affects the expansion rate

of the plasma species. For a thorough interpretation of the

signal dependence on the He pressure, it is therefore

required that all the above parameters must be taken into

account. In particular, separate measurements on the signal,

background and S/N ratio have to be made. The collection

fiber has also to be replaced by a more efficient arrange-

ment, allowing light collection from a larger solid angle,

thus minimizing changes in the collection efficiency due to

plasma confinement. Finally, we notice that the pressure

dependence of the signal in LIBS experiments is a more

general phenomenon, as it has been observed in air and

other noble gases. For example, in Ar the maximum line

intensities have been measured in 140 mbar while in air the

maxima occurred at 300 mbar [27].

3.4. Concentration calibration curves

Concentration calibration curves have been obtained in

this experiment with the aid of reference samples prepared

in our laboratory. We used six samples with fluorine

concentrations ranging from 0.12 wt.% up to 22.6 wt.%

and five samples with chlorine concentrations from 0.375

wt.% to 12.3 wt.% The emission intensity I(a) of a spectral
transition occurring between two levels of the analyte in the

plasma, is given by [28]:

I að Þ ¼ G hc=kað Þ giAi=Z að Þð ÞN að Þexp �W a
i =kTe

� �
: ð1Þ

In this equation, ka is the wavelength of the transition; gi,

Ai, and W a
i are the statistical weight, spontaneous emission

coefficient and energy of the upper state, respectively; Z(a)
is the partition function; N(a) is the total population of

species a, k is the Boltzmann factor and Te the electron

temperature. G is a geometric factor, related, e.g. to the

collection efficiency of the fiber, the spectrometer, etc. For

the derivation of this equation, only a local thermodynamic

equilibrium (LTE) has been assumed to prevail in the

plasma so that a Boltzmann distribution is established

among the bound energy levels.

The internal standardization method (IS) has been mostly

used to deduce calibration curves in LIBS experiments. In

the IS method [29], the ratio of the line intensities of two

elements, the analyte line over a reference element line, is

plotted against the ratio of the corresponding concentrations
in the reference samples. First, the geometrical factor G

cancels in the ratio. Secondly, the reference element that

dominates defines the sample properties (Fmatrix effects_).
Under the same LIBS experimental conditions, the plasma

temperature Te is the same for every reference sample and a

good linearity of the calibration curve is then expected. But

there is obviously a limit to the applicability of the IS

method, because, in the general case, a similar composition

for the unknown sample is also required as for the reference

samples or a new reference element has to be found.

Inspection of Figs. 3 and 4 shows that the IS method

cannot be applied for fluorine in this experiment, since no

reference element line can be used: all lines stem from F

transitions. In the chlorine spectrum, only the oxygen line at

844.64 nm could be used, since the carbon 833.52 nm

strongly overlaps with the 833.33-nm F line. For consis-

tency and for the reason stated above, the net analyte signal

has been selected to be plotted against the analyte

concentration in each sample. The signal strength was

calculated as the difference of the peak value from the

ambient background level: the latter was the averaged value

from two positions equally spaced off-line left and right

from the peak. The geometrical factor G has been

anticipated by the special technique used: that is, the light

collection efficiency, given by the geometry (fiber distance

and angle of observation in respect to the sample), remained

unchanged, each time the next sample moved with the aid of

the XY translator into the focus of the laser beam.

Figs. 7 and 8 show the absolute line strength for fluorine

and chlorine against the absolute elemental concentration in

the produced samples. For both elements, the strongest

peaks in the recorded spectra have been taken into account.

The selected He pressure values are close to those that

maximize the signal (at plateau). Despite the fact that

absolute line intensities have been used, the linearity

(expressed by the coefficient of determination R) is good



Fig. 9. Laser intensity dependence of the 685.6-nm fluorine line. Quadratic

curve-fitting is achieved with Quality Factor 0.9956.
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(for chlorine is slightly lower). This is an indication that the

matrix effects are of similar order in all reference samples

that were prepared.

For chlorine, elemental concentrations as low as 0.375

wt.% could be easily detected. This value is dictated by the

sample with the least Cl concentration that we prepared and

a signal lower at least by a factor of 2 would be still

detected. A fluorine concentration of 0.03 wt.% in the

Apofluxi (0.25 wt.% NaF) tablet was detected: this is an

improvement by a factor of 90, compared to the value of

0.264 wt.% from the literature [8]. Still, this value is well

above the detection limit under our current experimental

arrangement. The present lowest detectable values can be

reduced even more, by improving the light collection

efficiency (e.g. by collecting light from a larger plasma

volume).

3.5. Laser energy effect

To give some insight into the mechanisms responsible for

the observed signal dependence on the He pressure, the

fluorine emission line at 685.6 nm has been recorded as a

function of the laser intensity for a He pressure of 60 mbar

(Fig. 9). Pulse energy has been varied from 10 mJ/pulse up

to the maximum energy available at 26 mJ/pulse that has

been mostly used for the purposes of this experiment. Signal

strength (peak-background) dependence on laser intensity is

approximated well by a quadratic equation. We notice the

following: First, the signal increase that follows directly the

increase of the laser beam intensity implies that higher laser

intensities have the potential to reduce even more the limit

of detection (LOD) measured for Cl and F in this experi-

ment. There exists, of course, a practical limit in the laser

intensity increase: as in Fig. 3 of [9] has been demonstrated,

with increasing laser intensity the signal will saturate. But

the substantial increase in the noise that was also observed

would degrade finally the S/N ratio. Secondly, we believe
Fig. 8. Calibration curve for the NaCl+CH3COONa samples for 60-mbar

He pressure. The absolute signal of the strongest Cl line at 837.59 nm has

been used.
that the lack of any saturation of the signal for energy values

up to 26 mJ/pulse is a first indication that plasma shielding

for the 355-nm radiation is not significant, at least for a He

pressure range up to 60 mbar. This suggests that the He

plasma is still rather transparent and an increase in the laser

intensity leads to increased target evaporation as well. Then

plasma confinement should be the dominant mechanism that

is responsible for the signal increase with He pressure in the

low-pressure range.
4. Conclusions

In this work an efficient qualitative and quantitative

determination of fluorine and chlorine has been presented.

This was achieved by a combination of laser frequency,

plasma environment, detection hardware, and optimized

time-resolved parameters. A UV laser wavelength (355 nm)

has been employed to ablate the samples, with substantial

advantages compared to previously used IR laser wave-

length. Second, a controlled He pressure was used as

ambient environment to improve spectral signal. The S/N

ratio was further enhanced when the optimal He pressure

was used, in the range of 60 mbar, a value that cannot be

achieved with inert gas flow techniques previously used.

Third, the implementation of a gated GaAs based

intensified CCD detector with enhanced IR efficiency

enabled detection and definite assignment of strong

fluorine and chlorine emissions in the IR, thus avoiding all

experimental difficulties correlated with the VUV spectral

range where the resonant emissions of the two elements

exist.

As a result, concentration calibration curves based on

absolute signal strength with the aid of reference samples

are presented that show good linearity in a dynamic range of

more than 2 orders of magnitude of concentration values.

The detection limit for chlorine is comparable to the

literature values while for fluorine it is lower by a factor
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of 90 and a further decrease is currently limited by the

maximum laser intensity available. Additionally, improving

further the light collection efficiency will allow the

reduction of these limits to even lower values.
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