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The ability of oceanographers to make sustained measurements of ocean processes is limited by the num-
ber of available sensors for long-term in situ analysis. In recent years, laser-induced breakdown spectro-
scopy (LIBS) has been identified as a viable technique to develop into an oceanic chemical sensor. We
performed single pulse laser-induced breakdown spectroscopy of high pressure bulk aqueous solutions to
detect three analytes (sodium, manganese, and calcium) that are of key importance in hydrothermal vent
fluids, an ocean environment that would greatly benefit from the development of an oceanic LIBS sensor.
The interrelationship of the key experimental parameters, pulse energy and gate delay, for a range of
pressures up to 2.76 x 107 Pa, is studied. A minimal effect of pressure on the peak intensity is observed. A
short gate delay (less than 200 ns) must be used at all pressures. The ability to use a relatively low laser
pulse energy (less than ~60 mJ) for detection of analytes at high pressure is also established. Na, Mn, and
Ca are detectable at pressures up to 2.76 x 107 Pa at 50, 500, and 50 ppm, respectively, using an Echelle

spectrometer. © 2008 Optical Society of America
140.3440, 140.0140, 010.4450, 300.0300, 300.6365.
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1. Introduction

New chemical sensors are needed for oceanic process
studies and are of critical importance as oceanogra-
phy shifts to a new operational mode using perma-
nent ocean observatories. New sensors take a
significant time to develop and transform from
benchtop laboratory prototypes to ocean-going sys-
tems. The development phase first requires valida-
tion that an analytical technique will work under
in situ conditions.

Laser-induced breakdown spectroscopy (LIBS) is a
type of atomic emission spectroscopy that has been
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identified as a viable technique for use as a field-going
sensor for geochemical and environmental sensing
[1]. For example, a new mobile instrument has been
developed for evaluating polluted soils [2,3]. Palanco
et al. proposed a field deployable LIBS system for
standoff measurements at hundreds of meters range
[4]. Several groups have investigated LIBS for space
exploration [5—10]. Courreges-Lacoste et al. [7] are de-
veloping a combined Raman/LIBS instrument for in-
vestigating past and present life on Mars. Arpet al. [6]
have investigated the use of LIBS in the high
temperature (>700K), high pressure (of the order
of 9 x 106Pa) environment of Venus. Another pro-
posed in situ application of LIBS is its development
into an oceanic chemical sensor [11-13].



One oceanic environment that would benefit greatly
from the development of such a sensor is the hydro-
thermal vents that occur at mid-ocean ridges where
seawater circulates through the permeable ocean
crust. As seawater moves through high temperature
rock, the fluid interacts with it, inducing major chemi-
cal changes to both the rock and the fluid. At vent
orifices, exit temperatures reach 200-405 °C at ambi-
ent pressures from 8.1 x 108 to 3.6 x 107 Pa, corre-
sponding to ocean depths of 800-3600m [14].
Conventional analytical measurement of the fluids
is difficult due to the corrosive nature of the vent en-
vironment and irreversible changes in composition
that occur when they are removed to the surface.

Three key elementsin vent fluid studies are sodium,
calcium, and manganese. Sodium is the most abun-
dant cation in vent fluids and helps in understanding
phase separation processes [15]. Manganese exists as
atrace metal in seawater but is leached from the host
rock so that it is present at higher concentrations in
vent fluids [15]. When measured simultaneously with
Fe, Mn can be used as an indication of subsurface
mineralization, as Fe precipitates out while Mn stays
in solution. Calcium is the second most abundant ca-
tion in vent fluids and is typically enriched when com-
pared to seawater [16]. Ca is released into vent fluids
when sodium is taken up during albitization reactions
with the host rock. In vent fluids, concentrations range
from approximately 250 to 23, 163 ppm for Na, 0.6 to
399 ppm for Mn, and 0 to 4477 ppm for Ca [14]. In sea-
water, concentrations are approximately 10,933 ppm
Na, <0.001 ppm Mn, and 419 ppm Ca [14].

There is limited prior work on the study of dissolved
analytes within bulk aqueous solutions [11-13,17—
20] due to inherent difficulties of detection. The plas-
ma formed in bulk liquid displays reduced light inten-
sity and a reduction in emission lifetime due to
quenching [17,18,21,22]. In addition, spectral lines
may be broadened through the Stark effect [17].
Furthermore, “moving breakdown” occurs that ran-
domly changes the distance between the plasma
and the collection optics, a phenomenon thatis not im-
portant for plasma formation on solids. The plasma
expands along the beam path of the laser, resulting
in an elongated plasma that cavitates cylindrically
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[23]. For many aqueous applications, these issues
can be avoided by analysis on a liquid surface, jet,
or film; however, for the development of an in situ
oceanic system, it is necessary to work directly within
bulk liquids.

Although we have previously reported on the suc-
cessful use of LIBS for detection of bulk aqueous ana-
lytes at high pressure (up to 2.76 x 107 Pa) [11-13],
the development of LIBS into an oceanic chemical
sensor requires optimization of the experimental sys-
tem to maximize the signal-to-background ratio
(SBR) of the spectra and improve the limit of detec-
tion. In this work, a comprehensive study of the effect
of the two key parameters for single pulse LIBS on
SBR was completed. Peak intensities were measured
to determine optimal conditions for the detection of
Na, Ca, and Mn at high pressure. Subsequently, ca-
libration curves were constructed to estimate the
limits of detection using an Echelle spectrometer.

2. Experimental

The laboratory setup for simulating a LIBS sensor in
the deep ocean is depicted in Fig. 1. Plasma forma-
tion is induced with a Big Sky CFR-200 Nd:YAG la-
ser operated at 1064 nm with a 5 Hz repetition rate.
The laser is equipped with a motorized variable at-
tenuator, serially controlled by a computer, enabling
the laser pulse energy (E) to be varied from 0 to
200 mdJ in increments of approximately 1 mdJ. Plasma
emission is collected with an Echelle spectrometer
(LLA Echelle ESA 3000) capable of detecting wave-
lengths between 200 and 780 nm with a spectral re-
solution of 10-50 pm. Timing control of the laser and
turn-on of the spectrometer are managed by a timing
box (Berkeley Nucleonics Corporation Model 565).
The single pulse LIBS timing parameters are gate
delay (¢;, the time between the laser pulse and
turn-on of the spectrometer) and gate width (¢,
the integration time of the spectrometer).

An 8.89cm x 8.89cm x 8.89cm titanium sample
chamber that holds 27 ml of liquid is connected to
a high pressure metering pump (Eldex Model A-
30-S) that is wused to pressurize samples to
4.1 x 10" Pa. The sample chamber is equipped with
a sapphire window (Meller Optics, 2.54cm
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(Color online) LIBS laboratory setup. M; = 25 mm diameter, 1064 nm Nd:YAG mirror; L; = 12mm x —12mm lens; Ly = 25 mm x

50 mm lens; My = 50 mm diameter, 1064 nm Nd:YAG mirror; Ly = 25 mm x 35 mm lens.
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diameter x 0.64 cm thickness, antireflection coated
at 532nm/1064 nm, custom part) that enables laser
pulses to enter the sample chamber. A series of anti-
reflection-coated optics are used to focus the laser
beam into the sample chamber, with the final focus-
ing lens fitted into the sample chamber. An addi-
tional lens is used to focus the plasma light onto
an optical fiber and deliver it to the Echelle spectro-
meter. The plasma light is collected collinear to the
incoming laser beam. This optical geometry was se-
lected because it is the practical configuration for an
ocean-going LIBS system. Data were collected using
ESAWIN software. Laser energy is measured using a
laser energy sensor (Coherent J25LP-MB) combined
with an energy meter (Coherent FieldMaxII-Top).

To determine optimal conditions for the detection of
thethree analytes, spectral intensities were measured
over a range of LIBS system parameters. For Na and
Mn, detailed studies were conducted at five pressures
(1x10% 6.89x105 1.38x107, 2.07x107, and
2.76 x 107 Pa, which correspond to ocean depths of ap-
proximately 0, 680, 1361, 2041, and 2722 m, respec-
tively). For Ca, the studies were conducted at three
pressures (1x 105, 1.38x 107, and 2.76 x 107 Pa).
The parameters ¢; and E were systematically varied
to determine their effect on both plasma intensity
and SBR. Five spectra were taken for each parameter
pair, each composed of 100 accumulated shots. E ran-
ged from 10 to 170 md in 10 md increments. Laser
beam waist width d,, canbe estimated for the appara-
tus from

4fiM?
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wheref is the focal length of the focusing lens (35 mm),
1 is the laser wavelength (1064 nm), M? is the beam
propagation ratio, which is typically 2-10 for Nd:
YAG lasers (we therefore choose a value of 6), and D
is the diameter of the illuminated aperture of the
focusing lens (=25 mm) [24]. The beam waist width
for the system is approximately 0.07 mm. The average
irradiance (Iy) at the beam waist is

zED?
P e f22M* 2)
where 77 (= 7.5ns) is the pulse duration at the full
peak width at half of the maximum intensity (FWHM)
[24]. E was varied between 10 and 170 mdJ, resulting in
variation of irradiance at the beam waist from =~1.31 x
10'2t02.23 x 10'3 W/cm?. The t; used was 50, 75, 100,
125, 150, 200, 300, and 500 ns. Each combination of £
and ¢, was tested, resulting in 136 different conditions
for the optimization studies.
The signal-to-background ratio is defined by
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SBR = 2010g10 (3)
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where the amplitude of the background is the spec-
tral average over a region where no peaks are ex-
pected. The background was calculated for Na by
using the spectral region from 200 to 500 nm and
for Mn and Ca by using the spectral region from
430 to 530 nm.

All raw spectra were processed using extreme value
distribution statistics previously described by Michel
and Chave [25]. Data from nine wavelengths were
grouped for processing. Where shown, error bars re-
present the double sided 95% confidence limits [25].
Calibration curves were made for Na, Ca, and Mn,
with 10 spectra being taken at each concentration,
each composed of 100 accumulated shots. The experi-
mental conditions used for the calibration curves are
detailed in Table 1. For each analyte, a linear least
squares fit of the concentration data was computed
in addition to 95% confidence limits on the coefficients.
For all the experiments, t; was held constant at 200 ns.
In addition, the amplification of the Echelle spectro-
meter was set to its maximum value 0f4000. Solutions
were made from NaCl, MnSO, - H,O, and CaCl, -
2H,0 dissolved in DI water for the Na, Mn, and Ca
studies, respectively. All concentrations are given in
parts per million (ppm, wt./vol.).

3. Results and Discussion

A. Sodium

The interrelationship of ¢; and E for sodium was stu-
died at a concentration of 100 ppm. The intensity of
the 588.995nm Na (I) peak was measured. As pres-
sure rises, an increase in signal intensity is observed,
with the maximum peak intensity present at 2.76 x
107 Pa (data not shown). The greatest peak intensity
exists at the shortest ¢;. As ¢, increases, peak inten-
sity decreases, independent of both £ and ambient
pressure. Overall, there appears to be little effect
of E on intensity. Examination of the SBR provides
important information for selecting optimal para-
meters. Figure 2 details the interrelationship of ¢4,
E, and SBR. A smaller ¢; tends to exhibit a higher
SBR due to a stronger signal. Furthermore, Fig. 2
suggests that a lower E consistently provides a high-
er SBR. As pressure increases, SBR tends to in-
crease. The data suggest that the highest SBR
exists when a low E (20-60 mJ) and a relatively small
ty (60-150ns) are used. As first reported in
Michel et al. [11], this suggests that an optimal range
of E exists that tends to be relatively low.

For the best SBR, an E of 40mdJ and a ¢; of 50 ns
were identified for detection of Na (I) over a range of
pressures, and spectra under this condition are

Table 1. Calibration Curve Conditions

Analyte Concentrations Tested (ppm) E (mJ) t; (ns)
Na 0.05,0.1, 0.5, 1, 5, 10, 50, 100, 500, 1000 40 50
Mn 1, 5, 10, 50, 100, 500, 1000 30 50
Ca 1, 5, 10, 50, 100, 500, 1000 30 50
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Fig. 3. Spectra of Na (588.995nm and 589.6nm) taken with a
pulse energy of 40 mdJ and a gate delay of 50 ns. From bottom to
top, the spectra were taken at 1x10°Pa, 6.89 x 10°Pa,
1.38 x 107 Pa, 2.07 x 107, and 2.76 x 107 Pa. For clarity, the spectra
have been offset from each other by 8000 a.u.
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Interrelationship of pressure, gate delay, energy, and SBR for Na (588.995nm) (a) 1 x 10° Pa, (b) 6.89 x 10° Pa, (c) 1.38 x 107 Pa,

plotted in Fig. 3. Calibration curves for Na (I) were
constructed to determine the limit of detection
(Fig. 4). These suggest that Na (I) can be detected
at a concentration of approximately 50 ppm using
the present apparatus with no pressure effect on
the detection limit. Spectra of the Na (I) calibration
data are shown in Fig. 5.
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Fig. 4. Calibration curves calculated by a linear least squares fit
of the concentration data and their 95% confidence limits on

the coefficients for the 588.995nm sodium peak. O,
solid line = 1x 105Pa; [, dashed line =1.38x107Pa; /\,
dotted line = 2.76 x 107 Pa.
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Fig. 5. Spectra of sodium (588.995nm and 589.6nm) at 2.76 x
107 Pa made over a range of NaCl concentrations. The concentra-
tions from bottom to top are 10 ppm, 50 ppm, 100 ppm, 500 ppm,
and 1000 ppm. For clarity, the spectra have been offset from each
other by 1000 a.u.
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B. Manganese

The effect of E and ¢, on spectra for manganese was
studied using a concentration of 1000 ppm Mn (I)
over a range of pressures. Although a Mn (I) triplet
exists at 403 nm, peak broadening in liquids makes
its individual elements unresolvable, and therefore
we report on a single 403nm peak. The interrela-
tionship of pressure, ¢;, E, and intensity was exam-
ined, and it was found that as pressure increases,
peak intensity also rises (data not shown). A similar
finding was reported by Michel et al. for a single
tested condition (single E and ¢;) [11]. Irrespective
of t; and E, the peak intensity of Mn (I) was found
to increase with pressure. When the corresponding
SBRs are examined (Fig. 6), SBR is shown to be
smallest at the lowest pressure (1 x 10° Pa). Again,
the need for a short ¢; and the ability to use a low E
are evident.

From the optimization studies, an E of 30mdJ
with a ¢; of 50 ns was selected as a condition that
would allow for the detection of Mn (I) over a broad
range of pressures. The selected condition is
plotted for five pressures in Fig. 7. To determine
the limit of detection of Mn (I), a calibration curve
was constructed using an E of 30mJ and a ¢; of
50ns (Fig. 8). Figure 9 shows spectra made under
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Fig. 7. Manganese (403 nm peak) spectra using a 30 mJ energy
pulse and a gate delay of 50ns. The spectra from bottom to top
are at 1x10°Pa, 6.89x106Pa, 1.38x107Pa, 2.07 x 107 Pa,
2.76 x 107 Pa. For clarity, the spectra have been offset from each
other by 2000 a.u.

these conditions at 2.76 x 10’ Pa over a range of
concentrations. The limit of detection was found
to be 500 ppm for the present apparatus, which
is still higher than the concentration found in vent
fluids. Again, very little pressure effect on the de-
tection of Mn was found.

C. Calcium

Two calcium peaks, Ca (II) 393nm (ionic) and Ca
(I) 422 nm (atomic), were studied. The interrelation-
ship of the measurement parameters of Ca was de-
termined and is shown in Figs. 10 and 11. The
importance of a short #; is evident. £ appears to
have relatively little influence on SBR at most
pressures, which is unlike the effect seen for Na,
possibly due to the higher ionization energy of
Ca. Although three calcium peaks are actually de-
tectable (393, 396, and 422nm), the 422 nm peak is
the strongest, and therefore the selection of optimal
conditions was based on this peak. An E of 30 mdJ
with a ¢; of 50ns was selected for detection of Ca,
and spectra illustrating this are shown in Fig. 12.
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Fig. 8. Calibration curves and their 95% confidence limits
for the 403nm manganese peak. O, solid line = 1 x 10° Pa;
[, dashed line = 1.38 x 107 Pa; /\, dotted line = 2.76 x 107 Pa.

Calcium calibration curves were constructed and
are shown in Fig. 13 for both the 393 and the
422nm peaks. These suggest that the limit of
detection for Ca is 50ppm using the present
apparatus for the three pressures evaluated. Spec-

tra for selected concentrations are illustrated
in Fig. 14.
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Fig. 9. Spectra of manganese at 2.76 x 107 Pa made over a range
of concentrations from bottom to top, the concentrations are
100 ppm, 500 ppm, and 1000 ppm. For clarity, the spectra have
been offset from each other by 100 a.u.
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4. Conclusions

Sodium, manganese, and calcium are all detectable
in high pressure, bulk aqueous solutions using sin-
gle pulse LIBS with little effect of pressure on the
spectra. This comprehensive study of the interrela-
tionship of ¢; and E for selecting the optimal con-
dition for detection of these analytes has shown
that, irrespective of E selected, the ¢; should be
very short (less than 200 ns). The need for a short
ty is independent of pressure. The short ¢; is a re-
sult of the reduced lifetime of plasma emission in
bulk solutions due to quenching of the plasma by
the liquid. This study has also shown that a low
E (less than =60md) is sufficient. Using a higher
E may cause greater plasma shielding and moving
breakdown. Moving breakdown can result in the
plasma becoming elongated and the breakdown oc-
curring away from the collection focal point. Thus,
the effects of plasma shielding and moving break-
down can be detrimental for plasma emission
collection.
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Calibration curves were constructed to determine
limits of detection using the current system setup,
and further work is needed to look at reproducibility
of the actual curves. Laboratory data show that Na,
Mn, and Ca can be detected at 50, 500, and 50 ppm,

a
T

&

Intensity (a.u.)
b W

~

&

T

8

A

425

%0 95 ) 05 0 s ) 430
Wavelength (nm)

Fig. 12. Calcium spectra using 30 mJ and a 50 ns gate delay. Cal-
cium peaks (393 nm, 396 nm, and 422 nm). Spectra from bottom to
top: 1x 10°Pa, 1.38 x 107 Pa, and 2.76 x 107 Pa. For clarity, the
spectra have been offset from each other by 15,000 a.u.
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respectively. The calibration curves also demonstrate
a minimal effect of pressure on spectra. However, the
limits of detection were higher than expected. With
the current LIBS setup, the detection limits of Na
and Ca are below the levels found in vent fluids.
However, Mn would not be detectable. This can be
attributed to the low light throughput of the f/10
Echelle system. To significantly improve the light
throughput, it would be advisable to use a spectro-
meter with a smaller f number. For example, using
a spectrometer with an f number of 2 could improve
the throughput by a factor of approximately 25 and
therefore improve the ability to detect Na, Mn, and
Ca in high pressure aqueous environments. Using a
photomultiplier tube as the detector, Cremers et al.
[17] showed substantially improved detection limits
in bulk liquids at atmospheric pressure for Na I
(589.00nm) of 0.014 ppm and Ca II (393.37nm) of
0.8 ppm. Therefore, additional work is necessary to
optimize the light collection by changing the system
components.
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a.u. (b) Spectra from bottom to top are 10ppm, 50 ppm, and
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