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Abstract: The applicability of a nanosecond infrared (IR) transversely excited
atmospheric (TEA) CO, laser, operating at 10.6 um and 100 ns pulse length
(initial spike), induced plasma under reduced air pressure for spectrochemical
analysis of bronze and brass samples was investigated. The plasma consisted of
two clearly distinguished and spatially separated regions and expanded to a
distance of about 10 mm from the surface. The elemental composition of the
samples was determined using a time-integrated space-resolved laser-induced
plasma spectroscopic (TISR—LIPS) technique. Sharp and well-resolved spectral
lines mostly atomic, and negligibly low background emission, were obtained
from a plasma region 7 mm from the target surface. Good signal to background
and signal to noise ratios were obtained. The estimated detection limits for the
trace elements Mg, Fe, Al and Ca were in the order of 10 ppm in bronze and
around 50 ppm in brass. Damage on the investigated samples induced by TEA
CO; laser radiation was negligible.
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INTRODUCTION

Laser-induced breakdown spectroscopy (LIBS) is a powerful analytical tech-
nique for rapid analysis of a large variety of materials. A number of works report
LIBS application for the analysis of bronze and brass samples,!5 and many of
the samples were cultural heritage materials. This is not surprising because cop-
per-based alloys were often used in ancient times and LIBS appears to be the
most suitable technique for dating and rapid classification of metal objects.®
Nowadays, a variety of techniques, including X-ray photoelectron spectroscopy,
X-ray fluorescence and diffraction spectroscopy, Raman spectroscopy, Fourier
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transform infrared spectroscopy, scanning electron microscopy, inductively-
-coupled-plasma atomic-emission spectrometry and (laser ablation) inductively-
-coupled mass spectrometry have been successfully used for the characterization
of archaeological objects.”-8 Although some of the aforementioned techniques
may have better analytical figures of merit (such as accuracy, precision and limits
of detection), the specific features of LIBS makes this technique particularly suit-
able for elemental analysis of cultural heritage objects. LIBS combines the cap-
ability of providing fast multi-elemental analysis with no sample pretreatment,
potential for in situ and remote analysis, micro-destructiveness and the ability to
provide isotopic ratio information additionally to elemental composition. Besides,
virtually unique to LIBS is the possibility of surface cleaning, analyzing multi-
layered samples and performing depth profiling. One of the main difficulties for
a precise and accurate quantitative analysis by LIBS is due to matrix effects, to
which laser induced plasmas can be very sensitive.

Although various laser systems were used for plasma generation,>-%10 LIBS
analysis of copper-based alloys was most often accomplished by means of
Nd:YAG lasers. To the best of our knowledge, the possible use of transversely
excited atmospheric (TEA) CO; laser has not hitherto been examined. There are
two main reasons for this. First, the photon energy of CO, laser radiation is
relatively low (=0.12 eV whereas, for comparison, Nd:YAG laser photon energy
is =1.17 eV). Second, copper strongly reflects the incident light in the infrared
spectral range (for CO, laser emission wavelength of 10.6 um, the reflectivity is
~98 %). Considering the analysis of metal samples, the most critical stage for
plasma generation using a TEA CO; laser is heating and evaporation of the
target. However, once the initial plasma is produced, the long wavelength and
long pulse duration of CO, laser becomes advantageous. The initial plasma abs-
orbs the remaining laser pulse energy through inverse “Bremsstrahlung” and this
absorption is much stronger in the case of a TEA CO; laser than for an Nd:YAG
laser.!! This is because the plasma absorption coefficient is proportional to the
square of the laser wavelength. Thus, when a CO; laser is used, appreciable laser
heating of the plasma occurs at low density far from the target surface.
Consequently, spatial discrimination between line and continuum emission is
improved and line broadening reduced. It was shown that under reduced air
pressure, plasma could readily be induced by irradiation of a copper target with
TEA COj laser peak intensity of 30 MW cm2,12-14

The aim of the present study was to test the applicability of TEA CO; laser
induced plasma under reduced air pressure for spectrochemical analysis of cop-
per-based alloys: bronze (Cu—Sn) and brass (Cu—Zn). The obtained results should
provide a basis for potential applications of TEA CO; laser based LIBS for the
analysis of cultural heritage objects made of copper alloys.
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EXPERIMENTAL

Schematic diagram of experimental setup used for LIBS analysis of bronze and brass
samples is shown in Fig. 1. Plasma was initiated by irradiation of a metal target with a
nanosecond infrared (IR) transversely excited atmospheric (TEA) CO, laser, operating at 10.6
pm. A typical output pulse energy was 150 mJ, and the repetition rate during the experiments
was 1.5 Hz. The laser/optical pulse had a gain switched spike followed by a slowly decaying
tail. The full width at half maximum, FWHM, of the spike was about 100 ns while the tail
duration was ~2 ps. The energy sustained in the initial spike was about 35 % of the total
irradiated laser energy.

TEA Co,laser
10.6 pum

T
| VAGUUM |

PUNP |

v

Fig. 1. Schematic diagram of experimental setup used for LIBS analysis of
bronze and brass samples.

The samples were placed in a glass vacuum chamber closed with NaCl and CaF,
windows. The air pressure during the experiments was ~0.1 mbar. The production of stable
and reproducible plasma required a “fresh” area at the target surface between two successive
laser pulses, which was achieved by rotation of the sample at 0.5 rpm using a step motor.

The optical emission from the plasma was viewed in the direction parallel to the target
surface. By changing the position of the plasma along the direction of the laser beam, while
keeping a constant distance between the focusing lens and the target, different parts of the
plasma were observed, i.e., a spatial plasma resolution was achieved. The horizontal part of
the plume was projected by a lens on the entrance slit of a monochromator (Carl-Zeiss PGS2
dispersion 0.7 nm/mm). For the time-integrated spatially resolved measurements, an Apogee
Alta F1007 CCD camera was used. Each emission spectrum was obtained by integration of 30
laser shots impinging on fresh spots of the target.

The high electron density of the plasma immediately after laser ablation gives rise to a
strong continuum emission and to broadening of the lines because of the Stark effect. Usually
temporal gating of the emission is used in order to discriminate the atomic emission from the
continuum background. In this work, time-integrated space-resolved laser induced plasma
spectroscopy (TISR-LIPS) was used.!#!> This method relies on the fact that the intense
plasma background spectral continuum emission is mostly emitted from a region close to the
sample surface, while in the further-out regions of the plasma, the continuum emission is
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largely reduced. The fact that the plasma reaches a given distance above the analyzed surface
with a certain time delay enables replacing temporal with spatial resolution. Thus, instead of
time-gated detection, the position-selective spectra were recorded.

RESULTS AND DISCUSSION

The plasma was initiated by irradiation of a copper alloy target with a flu-
ence of =8.6 ] cm™2 in an air atmosphere at a pressure of 0.1 mbar. The plasma
consisted of two clearly distinguished and spatially separated regions, Fig. 2. The
first region, close to the target surface (Ilength about 5 mm), was characterized by
a whitish color and is known as primary plasma. The second region, also known
as the secondary plasma, was larger in volume, had a hemispherical shape and
intense green color, due to emission of the spectral lines of the target. The plasma
expanded to a distance of about 10 mm from the surface.

Fig. 2. Image of the plasma induced over a
brass sample.

The composition of bronze and brass samples used in this study were
determined by inductively coupled plasma atomic emission spectroscopy (ICP-
-AES), Table L.

TABLE I. Elemental composition of bronze and brass samples; nd: not detected

Metal
Sample Cu Sn Zn Pb Ni Ca Fe Al Co Mg Mn Cr
wt. % pg g'!
Bronze 56 41 1.7 1.1 0.07 0.04 60 40 32 26 8 6
Brass 69 nd 30 nd nd 023 260 125 nd 300 <5 nd

The time-integrated emission spectra of the major and trace elements present
in the bronze and brass samples are shown in Figs. 3 and 4; the optical emission
was analyzed in the wavelength region ranging from about 250 to 650 nm, but
the LIBS experimental spectra in the most significant wavelength windows are
shown. The spectrum consisted of well-resolved sharp emission lines, and low
background emission intensity. Good signal to noise and signal to background
ratios were obtained. The signal to background, and signal to noise ratios together
with the estimated limits of detection (LOD) are presented in Table II. The limits
of detection were calculated using the formula:

LOD =3BECXRSDg
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where BEC is the background equivalent concentration and RSDp is the relative
standard deviation of the background.
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Fig. 3. LIBS spectra of the brass sample. The composition of the sample is given in Table L.
The main emission lines are labeled in the spectrum. Air pressure 0.1 mbar, laser fluence
8.6 J cm2 (intensity 30 MW cm2).
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Fig. 4. LIBS spectra of bronze sample. The composition of the sample is given in Table I. The
main emission lines are labeled in the spectrum. Air pressure: 0.1 mbar, laser fluence
8.6 J cm2 (intensity 30 MW cm™2).
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TABLE II. Signal to noise (S/N) and signal to background (S/B) ratio, and the estimated limits
of detection (LOD) for bronze and brass

Element Wavelength, nm SIN S/B LOD / mg kg'!
Bronze

Mg 280.27 40 4 2

Fe 328.02 14 2 13

Al 396.15 9 1 13

Ca 422.67 56 2 21
Brass

Mg 285.21 26 5 35

Fe 288.13 20 3 40

Al 396.15 30 36 13

Ca 422.67 126 16 55

Higher LOD obtained for brass compared to bronze may be a consequence
of a matrix effect that leads to variations in the plasma parameters. In the case of
metallic samples, stronger matrix effects were found for alloys with high Zn
contents, such as brass.2:5 Thermal vaporization may significantly influence the
ablation processes, especially when the ablation is accomplished by a low power
density, long-pulse duration laser, as in the present study.

There are a large number of research papers devoted to the application of
LIBS for the analyses of copper-based alloys. However, they are mainly limited
to the determination of major elements, while there are still very few works that
report LOD values for minor or trace elements. Furthermore, different elements
were analyzed, thus comparison of the present results with literature data is rather
limited. One exception is iron, for which LOD values of 22.316 and 150 ppm!7
were evaluated for Fe [ 372.26 nm and Fe II 234.83 nm lines, respectively. For
other minor elements, such as Ag, As, Ni and Pb, the limits of detection were in
the range from 1.4 to 250 ppm;!16:17 in both papers, an Nd:YAG laser and time
gated detection (iCCD camera) was used. Limits of detection are element depen-
dent, nevertheless the LOD values obtained using TEA CO; laser and non-gated
detection are of the same order of magnitude (ppm) as the ones obtained with
standard LIBS.

Each analytical technique available for the characterization of archaeological
objects is characterized by its own strengths and weaknesses. The selection of the
most appropriate depends on the analytical problem, on possible limitations
imposed by the object or sample examined, and on the capabilities of the tech-
nique. Although the LOD of a spectral line is an important characteristic, it is just
one of many parameters that are considered in the method selection process. For
example, the LOD values of inductively coupled mass spectrometry are among
the lowest (Lg—ng per kg), however this method is destructive (the sample to be
analyzed must be digested prior to analysis) and could not be used if there is a
need for in situ analysis. Special features of LIBS, such as rapidity, low invasive-
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ness, high spatial discrimination and possibility to perform in situ measurements,
make this technique quite competitive compared with other techniques com-
monly used in archaeological science for obtaining information about elemental
composition.

An important characteristic of the proposed LIBS system is position-sel-
ective emission spectroscopy, which eliminates the need for time-gated detection.
This is not a new concept, it was already successfully applied for studying vari-
ous laser induced plasmas.!®:19 For instance, Bulatov et al.13 applied non-gated
detection for the analysis of brass samples using a Nd:YAG laser (400 mJ, 7 ns,
2.25x10° W cm2). Compared to the Nd:YAG laser, the TEA CO, laser has a
longer wavelength and longer pulse duration. Both these characteristics are
favorable for non-gated detection of spectral lines. In general, the dimensions and
lifetime of a plasma increase with pulse duration. The plasma takes longer to
decay and hence, the emission lasts longer. The leading part of the TEA CO;
laser pulse (FWHM =100 ns) produces the plasma, while the tail part (=2 ps)
interacts with it by means of laser absorption. Absorption of the laser radiation in
the plasma occurs mainly by inverse “Bremsstrahlung”, which increases as the
laser wavelength increases.!! Absorption by the plume causes an additional
plasma excitation and expansion, which increase the LIBS signal through enhan-
cement of emission lines. Simultaneously, because of the longer wavelength of
CO; laser radiation, heating of the plasma by optical absorption occurs at lower
plasma densities.!! Strong line emission is therefore observed at greater distances
from the target surface, where the background is negligibly low. In general, a
shorter pulse gives a higher ablation rate, if the pulse energy or the fluence is
constant.!9:20 This means that the higher emission intensities obtained by the
elongated pulses do not indicate a higher ablation rate, but rather a higher effi-
ciency of the emission.!8

The goal of this investigation was to test the applicability of a TEA CO;
laser based LIBS for the analysis of copper alloys, with the intention to (even-
tually) use this system for the analysis of cultural heritage objects made of bronze
and brass. In this regard, it is important to mention that the TEA CO; laser radi-
ation induced negligible damage on the investigated samples. Previous results
showed that irradiation of a pure copper target with a TEA CO; laser intensity of
approx. 100 MW cm2 under 0.1 mbar air pressure induced only superficial dam-
age, practically invisible in the OM image (magnification 50x).14

Taking all into consideration (compact, low-cost detection system; well-res-
olved spectral lines; LOD values in the ppm range, typical for LIBS; minimal
destructivity), it could be concluded that for the elemental analysis of copper
alloys, the proposed LIBS system based on a TEA CO; laser may be a suitable
alternative to conventional LIBS using an Nd:YAG laser.
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CONCLUSIONS

The plasma was induced by irradiation of a copper alloy target with 30 MW
cm2 of TEA CO, laser peak intensity, in air at 0.1 mbar. Time-integrated emis-
sion spectra of elements present in the bronze and brass samples were used for an
evaluation of the signal to background and signal to noise ratios, and an esti-
mation of the limits of detection. Detection limits for trace elements were in the
order of 10 ppm in brass and around 50 ppm in bronze. The single-shot TEA
CO; LIBS has significant potential for cultural heritage applications.

Acknowledgement. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic Serbia, Project No. 172019.

U3BOJ
IVIASMA HHOYKOBAHA HH®PAIIPBEHHM TEA CO, JIACEPOM HA JIETYPAMA BAKPA
— MOI'YRHOCTH AHAJTUTUYKE [TPUMEHE

MUJIOII MOMYHJIOBUR', JOBAH LIMTAHOBUR', IPATAH PAHKOBHWR?, YPOIII JOBAHOBUR', MUJIOBAH
CTOWbKOBUR', JEJIEHA CABOBUR' 1 MUJIAH TPTHLIA"

1Hucu7uu7ym 3a Hyxendapue nayxe Bunua, Ynueepsutieini y beoipagy, 11001 Beoipag u ZtDaKyﬂwem 3a
Qusuuxy xemujy, Ynusepsuiteiti y beoipagy, Ciiygentucku wipi 12—16, 11001 Beoipag

HcnuTaHa je MoOryhHOCT CIEKTpOXEMHjCKE MPUMEHE IJIa3sMe HHAYKOBaHE [I€jCTBOM
3pauewa umnyincHor TEA CO, nacepa (10,6 pm, 100 nm) Ha MeTe of OpOH3E W MECHHTa.
JuMeH3dja IUlasMe MHAYKOBAaHE Ha CHIDKEHOM IPUTUCKY Basfyxa usHocuaa je 10 mm ca
jacHO U3pakeHMM U IPOCTOPHO Pa3fBOjeHUM oOnacTuMa. EneMeHTHH cacTaB y3opaka onpe-
hen je BpeMeHCKM HHTErpabeHOM IMPOCTOPHO Pa3/I0KEHOM E€MHCHOHOM CIIEKTPOCKOIMHjOM
nacepcku uHpykosaHe miasme (TISR-LIPS). Owrpe u nobpo pasnoxeHe CleKTpaaHe JHHUje
(yriiaBHOM aTOMCKE), y3 3aHEMAapJ/bUBO HUCKY EMUCHjy N03afjuHe, JoOHjeHe Cy IocMaTpameM
IJIa3Me Ha pacTojaky 7 mm of noBpuiMHe MeTe. Taxohe, mobujeH je modap omHOC TUHUjE
npeMa Mo3aJuHM U JIMHUje Npema wymy. JloOujeHe rpaHHLe AETEKLHje 3a €JIEMEHTe y Tpa-
rosuma, Mg, Fe, Al u Ca, dune cy pena BenuurHe oko 10 ppm y SpoHnsu u oxo 50 ppm y
mecunry. Ourehewa Hactama nejctBom jnacepckor TEA CO, 3pauewma Ha HCIHTHBAaHUM
y3opuuma dusia cy He3HaTHa.

(TTpumibero 16. anpuna, pesuaupano 11. jyna, npuxsahero 3. jyna 2015
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