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Laser-induced breakdown spectroscopy (LIBS) is investigated as a
technique for real-time monitoring of hydrogen gas. Two method-
ologies were examined: The use of a 100 mJ laser pulse to create a
laser-induced breakdown directly in a sample gas stream, and the
use of a 55 mJ laser pulse to create a laser-induced plasma on a
solid substrate surface, with the expanding plasma sampling the gas
stream. Various metals were analyzed as candidate substrate sur-
faces, including aluminum, copper, molybdenum, stainless sted, ti-
tanium, and tungsten. Stainless steel was selected, and a detailed
analysis of hydrogen detection in binary mixtures of nitrogen and
hydrogen at atmospheric pressure was per formed. Both the gaseous
plasma and the plasma initiated on the stainless steel surface gen-
erated comparable hydrogen emission signals, using the 656.28 H,,
emission line, and exhibited excellent signal linearity. The limit of
detection is about 20 ppm (mass) as determined for both method-
ologies, with the solid-initiated plasma yielding a slightly better val-
ue. Overall, LIBS is concluded to be a viable candidate for hydro-
gen sensing, offering a combination of high sensitivity with a tech-
nique that is well suited to implementation in field environments.
Index Headings: L aser-induced breakdown spectroscopy; LIBS; Hy-
drogen; Plasma; Atomic emission.

INTRODUCTION

Hydrogen is a highly flammable gas at ambient con-
ditions, with a flammability range from about 4 to 75%
by volume in ambient air. Therefore, leaks associated
with hydrogen storage and handling processes must be
considered to ensure overall safety. In particular, hydro-
gen is a primary fuel in the U.S. space shuttle program
and is being widely promoted for use with fuel cells and
other non-hydrocarbon-based power cycles. As experts
discuss an expanding hydrogen distribution infrastruc-
ture, associated safety issues must be a key element. As
an example, the system complexity and very large vol-
umes of liquid hydrogen associated with the space shuttle
program necessitate a detailed set of procedures and
equipment to prevent leaks and potentially catastrophic
accidents. Initially, helium is used to determine the in-
tegrity of the storage and fuel tanks followed by contin-
uous monitoring throughout the system during operation.
To date, all monitoring systems have been based on sam-
pling at various locations around the orbiter and using
mass spectrometry to detect the presence of leaking hy-
drogen or oxygen.® While mass spectrometry is a sensi-
tive analytical technique, widespread monitoring of hy-
drogen under field conditions, such as during shuttle op-
erations or at hydrogen distribution centers, could benefit
from additional sensor technologies that may offer poten-
tial advantages in system size, cost, robustness, and re-
duced maintenance requirements. This paper examines
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the feasibility of using the technique of laser-induced
breakdown spectroscopy (LIBS) as a real-time sensor for
hydrogen.

Laser-induced breakdown spectroscopy is a form of
atomic emission spectroscopy in which alaser is used to
generate a plasma via breakdown of the sample material,
either in a gaseous state or directly on a solid surface.
The high-temperature, energetic plasma results in a dis-
association of molecules and subsequent breakdown of
the analytical sample into atoms, ions, and free electrons.
The plasma may initially be created on a surface because
the initial energy requirements to generate breakdown are
less as compared to a purely gaseous sample due to the
higher electron densities and electron mobility in the sol-
id state. Plasmas generated against solid surfaces expand
on a timescale of nanoseconds, subsequently enveloping
a sample of the gas phase above the original surface.
Following plasma generation, examination of the optical
emission, notably atomic emission lines of the plasma’s
constituent elements, forms the basis of LIBS as an an-
alytical technique. As typically implemented, LIBS re-
quires arelatively simple apparatus consisting of a pulsed
laser, sample chamber, spectrometer and array detector,
and associated optics. Algorithms have been developed
to allow for real-time evaluation of chemical species, pro-
ducing almost instantaneous results.

The LIBS technique has been reported in a number of
studies, including use for spectroscopic analysis of a
range of gaseous species such as halogens,>* and analysis
of oxygen, nitrogen, carbon monoxide, and carbon di-
oxide systems.>7 Overall, laser-induced breakdown spec-
troscopy has been shown as a promising technique for
the detection of species such as fluorine, chlorine, sulfur,
and carbon with applications in chemical weapons mon-
itoring.? LIBS offers the possibility of non-interactive,
automated sampling in which detection limits can be op-
timized temporally. LIBS-based detection limits are usu-
ally comparable with other plasma spectroscopic methods
such as microwave-induced plasma emission spectros-
copy and inductively coupled plasma emission spectros-
copy, with the added benefit of allowing for in situ mea-
surement. LIBS also has been demonstrated to be a prom-
ising tool in monitoring gaseous fluoride emissions that
are relevant to the aluminum processing industry* and for
the detection of combustion species, namely, on-line en-
gine equivalence ratio measurements.® In the realm of fire
suppression and pollution monitoring, LIBS has been ex-
amined as a viable detection technique for halon alter-
natives with demonstrated detection limits in the parts per
million.® While these applications examine the practical-
ity of LIBS as a gaseous species detection scheme, there
has been no investigation of LIBS as a practical scheme
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Fic. 1. Schematic of the LIBS system configured for surface break-
down, including the four-way sample cross, gas handling, and plasma
emission collection optics.

for hydrogen detection. This may be due, in part, to the
additional complications of using plasma spectroscopy
with hydrogen species, namely, potential plasma ignition
of hydrogen gas and spectral contamination by common
atmospheric hydrogen contained in species such as water
vapor. While LIBS has not been investigated for direct
hydrogen leak detection, many laser-induced plasma
studies have used various hydrogen lines for plasma di-
agnostics, notably Stark broadening measurements.®4

EXPERIMENTAL METHODS

The LIBS experimental system was developed using a
1064 nm Q-switched Nd: YAG laser operating with ei-
ther 55 or 100 mJ pulse energy, 8 ns pulse width, and
2.5 Hz pulse repetition rate. The laser included a fre-
quency doubling crystal that was detuned to minimize
second harmonic generation; hence, the laser pulse was
primarily 1064 nm with only trace amounts of 532 nm
light. A schematic of the experimental apparatusis shown
in Fig. 1. The unexpanded laser beam was focused using
a 250 mm focal length plano-convex lens to form the
sample spot. The focal spot was positioned within afour-
way stainless steel cross-chamber by passing the laser
beam through an optical window. Two methodologies
were examined in the current study. In the first approach,
a 55 mJ laser pulse was used to create the laser-induced
plasma directly on a solid surface, namely, the stainless
steel flange that sealed the vacuum cross opposite of the
optical window. The four-way cross was positioned such
that the focal spot of the laser was on the surface of the
stainless steel flange. In the second method, a 100 mJ
laser pulse was used to create the laser-induced break-
down directly in the sample gas stream at the laser focal
spot, which was positioned such that the laser-induced
plasma was formed in approximately the center of the
cross. For both arrangements, the plasma emission was
collected along the incident beam in a backward direction
using the same primary focusing lens and separated using
a 75 mm square pierced mirror. The collected light was

then focused into an optical fiber bundle coupled to a
spectrometer (2400 grooves/mm grating, 0.12 nm optical
resolution), and recorded with an intensified charge-cou-
pled device (ICCD) aray. The delay and integration
width of the ICCD were set to optimize the hydrogen
emission signal, with specific values reported below.

The two remaining flanges of the four-way cross were
plumbed to a gas delivery and exhaust system. Mass flow
controllers were used to deliver purified nitrogen and hy-
drogen (industrial grade) to the sample cross. The nitro-
gen was passed through a HEPA filter to remove any
particulate contaminants, and both gases were passed
though additional particle filters within the flow control-
lers. The nitrogen flow rate was fixed at 43.7 liters per
minute (Ipm), and the hydrogen flow rate was varied from
zero to 16 Ipm, with 0.04 I|pm used as the minimum set-
ting. To ensure precision and accuracy over the full range
of hydrogen flow rates, two separate mass flow control-
lers were used. The sample cross was vented through
tubing directly into a dedicated laboratory exhaust duct.
It is noted that hydrogen is flammable from about 4 to
75% in ar, and that a laser-induced plasma is a viable
ignition source for a combustible mixture. To avoid flam-
mability issues, all experiments involving hydrogen were
performed in the four-way cross in the binary nitrogen/
hydrogen mixtures, thereby eliminating the possibility of
a flammable mixture.

Finally, it is noted that a preliminary series of exper-
iments was performed in which various metals, including
aluminum, copper, molybdenum, stainless stedl, titanium,
and tungsten, were analyzed as candidate substrate sur-
faces. During these experiments, the four-way cross was
removed and measurements were performed by directly
sparking on the candidate sample surfaces in ambient air.
For these measurements, water vapor naturally present in
the ambient air served as the hydrogen source.

RESULTS AND DISCUSSION

To identify the best candidate material to serve as the
target substrate for plasma formation, arange of materials
was examined. Only metals were considered as candidate
substrates due to the reduced laser pulse energy required
for breakdown, which results from the higher electron
densities and electron mobility and the relatively low ab-
lation rates. This latter attribute of metals is important to
limit substrate replacement in any actual detection device.
Common materials with high electrical conductivity were
examined, including copper and aluminum, in addition to
materials with excellent surface hardness such as stainless
steel and titanium. Finally, refractory materials charac-
terized by high melting temperatures were examined,
namely tungsten and molybdenum. For each material, a
series of spectra were recorded using a fixed ICCD de-
tector gate width of 2 us, while the detector delay with
respect to the plasma-initiating laser pulse was varied be-
tween 2 and 12 ps. The spectral window was centered
on the 656.28 H, emission line, which was found to be
the strongest hydrogen emission line of the Balmer series.
As discussed above, ambient air was used as the source
of hydrogen for this portion. The ambient air contained
approximately 1.5% water vapor by volume, or 1000
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Fic. 2. LIBS spectra of candidate substrate materials recorded using

a 55 mJ pulse directly in ambient air. All spectra have the same scale
and are shifted vertically for clarity.

ppm of hydrogen by mass, based on the estimated relative
humidity and temperature at the time of sampling.

The temporal measurements revealed an optimal hy-
drogen signal, as evaluated by the ratio of the hydrogen
emission signal to the adjacent continuum emission sig-
nal, corresponding to detector delays from about 4 to 8
ws. Representative spectra from the aluminum, copper,
molybdenum, stainless steel, and tungsten substrates are
shown in Fig. 2. The spectra corresponding to all five
materials are characterized by strong atomic emission of
the 656.28 H_ line. All spectra exhibit relatively clean
continuum emission in the immediate region of the H,
line, with the exception of two emission lines at 649.5
and 654.8 nm corresponding to the second-order lines
originating from the 324.8 and 327.4 nm resonant Cu(l)
lines. These lines are pronounced in the spectrum corre-
sponding to the copper substrate and are of moderate in-
tensity in the stainless steel and aluminum spectra due to
trace elements in these two samples. The exact structure
of the continuum emission is discussed in further detail
below regarding Fig. 3. The titanium spectrum is not in-
cluded in the figure. Although the titanium substrate pro-
duced a hydrogen signal comparable to the other mate-
rials, titanium is characterized by a number of atomic
emission lines throughout the spectral region of interest.
Based on the preliminary experiments, stainless steel was
selected as the optimal material for the substrate surface
due to its combination of yielding the greatest H, emis-
sion signal and arelatively clean continuum emission sig-
nal. In addition, the flange material for the four-way cross
was stainless steel; hence, directly using the flange as the
sample substrate eliminated any sample preparation and
mounting issues.

The stainless steel substrate was used to investigate the
overall sensitivity and signal linearity of the H, emission
line. The stainless steel flange opposite the four-way-
cross optical window was used as the stainless steel sub-
strate. The sample cross was positioned with the laser
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Fic. 3. LIBS spectra for hydrogen concentrations of 65 and 325 ppm
and their corresponding scaled background spectra. The 325 ppm spec-
tra have been shifted vertically for clarity.

focal spot on the stainless steel flange such that the laser-
induced plasma was formed directly on the sample sur-
face. A fixed detector delay of 4 p.sand afixed gate width
of 4 ps were used for all subsequent experiments. The
hydrogen flow rates were varied from zero to 16 Ipm in
afixed flow of nitrogen. For each flow setting, beginning
at zero hydrogen flow, a series of 50 LIBS spectra were
collected and ensemble averaged. Following the final hy-
drogen flow rate, the system was flushed with nitrogen
and a second pure nitrogen sequence was recorded.

The two ensemble-averaged spectra corresponding to
nitrogen were averaged together for each experimental
sequence to form the background spectrum. Subsequent-
ly, the background spectrum was scaled to fit the spec-
trum recorded for each hydrogen flow rate. The scaling
was done using a fixed multiplier based on the average
ratio of the hydrogen spectrum to the blank spectrum as
determined using spectral regions on each side of the H,
line. Representative hydrogen spectra and the scaled
background spectra are shown in Fig. 3 corresponding to
hydrogen concentrations of 65 and 325 ppm (mass), or
to hydrogen flow rates of 0.04 and 0.2 Ipm, respectively.
The background spectra corresponding to pure nitrogen
do reveal some structure near the hydrogen emission line.
To quantify the hydrogen emission line, the full width of
the H, line was integrated, as was the full width of the
corresponding scaled background spectrum. The inte-
grated background signal was subtracted from the inte-
grated hydrogen signal, yielding the integrated peak area
of the H, line. To normalize for variations in absolute
signal strength (i.e., reduced detector binning at higher
hydrogen concentrations), the integrated hydrogen signal
was normalized by the integrated background signdl (i.e.,
continuum). The resulting peak-to-base (P/B) ratio is
widely used for LIBS analysis, and it functions to en-
hance precision by scaling the fluctuations in absolute
plasma emission that are characteristic of the LIBS tech-
nique.> To demonstrate the excellent scaling and back-
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Fic. 4. Background-subtracted LIBS spectra corresponding to different
hydrogen concentrations in a balance of nitrogen. All spectra have the
same scale.

ground subtraction results, background-subtracted spectra
are presented in Fig. 4 for hydrogen concentrations of 65,
165, 325, and 820 ppm.

The P/B ratios corresponding to the H, line are plotted
in Fig. 5 as a function of hydrogen concentration (by
volume) for the stainless steel substrate experiments up
to a concentration of 4.4%, which corresponds to 3260
ppm of hydrogen on a mass basis. The error bars repre-
sent plus or minus one full standard deviation based on
two to three trials, with each trial generating multiple 50-
shot ensemble-averaged spectra. The hydrogen signal is
very linear (R > 0.999) up to a concentration of about
1.1% (820 ppm by mass), after which the signal response
departs somewhat from the linear response, possibly due
to gdlight self-absorption effects that are characteristic of
the curve of growth for atomic emission. The slope of
the linear response regime was used to calculate the de-
tection limit by extrapolating the calibration curve to a
value such that the P/B ratio was three times the value
of the integrated full-width root mean square (rms) noise.
The rms noise was cal culated from the scaled background
spectrum corresponding to the minimum recorded hydro-
gen concentration of 65 ppm (mass). The detection limit
was calculated for each of three experiments performed
at this minimum concentration and then averaged. This
procedure yielded a hydrogen detection limit of 15 ppm
on amass basis. This detection limit corresponds to about
one-fourth of the minimum hydrogen concentration ac-
tually measured, which was determined by the lowest
practical flow rate of the hydrogen flow controller.

The above procedures were repeated for the second
methodology, namely the formation of the plasma di-
rectly in the gaseous sample stream without the aid of
any solid surface. As discussed above, the laser energy
was increased to 100 mJ per pulse to generate consistent
breakdown in the purely gas-phase sample stream. The
LIBS spectral data were analyzed as described above, and
the resulting H, line P/B ratios are plotted in Fig. 5 along
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ma formation on the stainless steel substrate, and for plasma formation
directly in the sample gas stream.

with the previous results. As before, the hydrogen signal
isvery linear (R > 0.999) up to a concentration of about
1.1% (820 ppm by mass), after which the signal response
again departs from the linear response. For the purely
gas-phase plasma, the calculated hydrogen detection limit
is 23 ppm (mass). This detection limit is remarkably con-
sistent with the result determined for the stainless steel
generated plasma (note the similar slopes in Fig. 5),
which suggests a similar plasma in both cases despite the
differences in breakdown initiation. It is noted that the
plasma generated on the solid surface departs somewhat
more from a linear response than the gas-phase generated
plasma, which may reflect a plasma size effect due to the
reduced laser pulse energy of the former.

A comparison of the spectral line widths between the
two methodol ogies was made to determine if the resulting
plasmas were comparable in electron density. Assuming
Stark broadening to be the dominant broadening mech-
anism for the H, emission line (656.28 nm), the plasma
electron density can be extracted using the full width at
half-maximum (FWHM) spectral line width, in a manner
reported by Griem.%1* More recent methods of calculat-
ing electron densities that incorporate updated broadening
constants and ion dynamics'®* are not addressed, as the
currently reported electron densities are primarily for rel-
ative comparison purposes. Using the FWHM, the elec-
tron densities were calculated for both the gas phase and
stainless steel generated plasmas at three intermediate hy-
drogen concentrations. An average plasma temperature of
20000 K was used for all calculations. Calculation of
electron densities via Stark broadening is rather insensi-
tive to the assumed plasma temperature. To assess the
uncertainty in the present calculations, the maximum er-
ror was evaluated using an uncertainty of =10000 K,
which is represented by the error bars. The electron den-
sities calculated for both the solid surface and gas-phase
plasmas are shown in Fig. 6 as a function of hydrogen
gas concentration. As shown in Fig. 6, the electron den-
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sities of the two plasmas are comparable, falling within
the experimental uncertainty, at each of the three sample
concentrations examined. However, a dightly higher
electron density is observed in al cases for the plasma
generated on the stainless steel substrate, most likely due
to the higher electron density of the metal substrate prior
to breakdown. The comparable electron densities verify
the similarity of the two plasmas, thus supporting the
consistent detection limits observed.

While the data presented in Fig. 5 are limited to con-
centrations near the regime characterized by a highly lin-
ear response to facilitate calculation of the detection lim-
its, measurements were extended to greater hydrogen
concentrations. The P/B ratios are presented in Fig. 7 for
the gas-phase initiated breakdown measurements up to a
hydrogen concentration of 26.8%, which corresponds to
a mass-based hydrogen concentration of 25500 ppm. As
seen in Fig. 7, linear behavior on the log-og plot is ob-
served throughout the range of hydrogen concentrations.
The linearity observed in the curve of growth illustrates
that emission in this concentration regime is not appre-
ciably affected by optical depth and thus there is no sig-
nificant self-absorption mechanism affecting the analyte
signal.*® Overall, the data presented in Figs. 5 and 7 dem-
onstrate the excellent analyte response of hydrogen to the
LIBS technique.

CONCLUSION

In summary, the current study demonstrates that de-
tection of hydrogen can be made using the LIBS tech-
niqgue down to mass concentrations of about 20 ppm.
Both of the methodologies yielded similar results;, how-
ever, the solid surface initiated breakdown was accom-
plished at one-half of the pulse energy required for break-
down in the pure gas phase. The results with the 55 mJ
laser are particularly encouraging, in that several compact
lasers are commercially available in that energy range.
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Noting that water vapor from ambient air was an excel-
lent source of hydrogen emission, the discrimination of
atomic hydrogen signals from such non-H, sources may
be an issue for implementation of hydrogen leak sensors.
Several solutions are apparent, including the removal of
water vapor by passing the sample stream through a cold
trap (e.g., liquid nitrogen) prior to entering the LIBS
chamber, and multi-species analysis algorithms that make
use of argon and carbon (from carbon dioxide) emission
signals (both present in ambient air) to aid in the discrim-
ination of ambient-air-derived hydrogen (H,O) and true
hydrogen gas (H,). For applications like the space shuttle
program, existing gas sampling lines could be simulta-
neously fed to a LIBS sample chamber for additional
analysis. Finally, safety considerations should be ex-
plored with any implementation of a LIBS-based hydro-
gen sensing system. For example, the LIBS sample cell
should be of rigid construction and contain a minimum
gas sample volume with all gas exchange passed through
porous (i.e., sintered) filters such that all spatial dimen-
sions are well below the flame quenching dimensions for
all possible gas mixtures, thereby isolating any ignition
sources and explosion potential within the sample cell.
With these considerations addressed, a LIBS-based hy-
drogen sensing system is concluded to be a viable option
for real-time hydrogen leak detection.
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