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A new method of performing optical isotopic analysis of condensed samples in ambient air and at ambient
pressure has been developed: Laser Ablation Molecular Isotopic Spectrometry (LAMIS). The technique uses
radiative transitions from molecular species either directly vaporized from a sample or formed by associative
mechanisms of atoms or ions in a laser ablation plume. This method is an advanced modification of a known
atomic emission technique called laser-induced breakdown spectroscopy (LIBS). The new method — LAMIS —
can determine not only chemical composition but also isotopic ratios of elements in the sample. Isotopic
measurements are enabled by significantly larger isotopic shifts found in molecular spectra relative to atomic
spectra. Analysis can be performed from a distance and in real time. No sample preparation or pre-treatment
is required. Detection of the isotopes of hydrogen, boron, carbon, and oxygen are discussed to illustrate the

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Isotopic analysis is essential in medicine, chemistry, materials
science, radiochemistry, archeology, and nuclear non-proliferation.
Isotopic data provide answers to fundamental questions related to
research and development in these disciplines as well as providing
important insight into more applied fields. This paper presents the
concept and the first results obtained with newly developed Laser
Ablation Molecular Isotopic Spectrometry (LAMIS) technology for
real-time isotopic analyses of samples at ambient pressures. We have
chosen diatomic molecules containing hydrogen, boron, and carbon as
examples in this paper, but this approach can be easily extended to
other diatomic and multi-atomic molecules. Benefits of such a laser
based technique are rapid and direct chemical characterization of
condensed samples without chemical dissolution procedures. The
ultimate goal is to demonstrate a new technique for isotopic analysis
with good discrimination, good sensitivity (down to ppm levels),
with the potential for stand-off capability, and one that does not
require (i) sample preparation or (ii) a vacuum environment for the
sample.

Mass based isotopic measurements are well established and
include IRMS [1,2], TIMS [3,4], SIMS [5], accelerator mass spectrometry
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[6], GCMS [2,7], ICP-MS [8-10], and MALDI-MS [11]. High sensitivity
and resolving power are characteristic of these mass spectrometric
techniques but they generally tend to be laboratory-based and require
complex sample preparation procedures. Laser ablation coupled with
ICP-MS [9,10,12-14] or laser desorption in MALDI-MS eliminates the
need for laborious sample preparation.

To some extent other elemental techniques also are useful for
isotopic analysis. Examples include inductively coupled plasma —
atomic emission spectrometry [15,16], atomic absorption spectrometry
(AAS) including tunable laser AAS [17,18] and laser-excited atomic
fluorescence [19,20]. Doppler-free and other high-resolution laser
techniques have been detailed in several books [21,22]. Previously,
optical spectroscopic techniques for isotopic analysis of both organic
and inorganic samples were developed for determination of the light
elements, such as hydrogen, boron, carbon, nitrogen, and oxygen
[23-27]. These techniques were based on plasma sputtering or pyrolysis
of the samples to convert them into a gaseous form, and spectroscopic
analysis using radio-frequency discharges as a source of molecular
emission excitation. The approach was mainly used for biochemical and
agrochemical experiments with stable isotope tracers or labels.

Laser induced breakdown spectroscopy (LIBS) offers ideal char-
acteristics for real-time elemental analysis at atmospheric pressure
[28-30]. Several studies were conducted for isotopic analysis but only
at reduced pressure [31-34], except for measuring the deuterium/
hydrogen ratio [35]. Low pressure was necessary to minimize
collisional, Stark and Doppler broadening of spectral lines; linewidths
must be narrower than the isotopic shift. Broadening of spectral lines
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in laser-generated plasmas is known to be primarily determined by
the Stark effect. At electron number density of ~10!7 cm?, atomic
spectral linewidths are typically ~0.01 nm. For example of isotope
shifts, uranium 23U and 238U have an isotopic shift 0.025 nm in their
respective ionic emission lines at 424.412 nm and 424.437 nm. For the
plutonium isotopes 2°Pu and 2*°Pu, the isotopic shift is 0.012 nm at
its emission line of 594.522 nm.

Isotopic shifts can be orders of magnitude larger in molecular than
atomic spectra [23-27,33] (Figs. 1 and 2). In Fig. 1, the left diagram
shows the fine structure of the 2s2p? 2D levels of ''B (solid line). The
dashed lines represent the '°B levels. The directions of the '°B energy
level shifts with respect to the ''B levels are from Ref [36]. In Boron, the
net isotope effect of the ground state is zero and the ionization potential
has the same value for the two isotopes [36]. The ''B-1°B isotopic shift
from atomic emission lines for this transition is 0.46 cm ™!, or 0.002 nm,
which is several orders of magnitude smaller than the isotopic shift
measured for boron monoxide. The measured shift forBOis 113 cm™"' or
0.73 nm for the B>S" (v=0)—X?3" (v=2) transition.

Atomic isotope shifts depend on the transition [37]. The data in
Fig. 2 represent prominent lines used in emission spectroscopy.
Molecular isotope pairs (Fig. 2) used in this work are listed in Table 1.
Molecular vibronic (i.e. vibrational, rotational, and electronic)
emission wavelengths depend on the rotational and vibrational
energy levels between two different electronic states (see Fig. 1):

v=T-T" = (T,-T}) + (G,—G}) + (F|—F)) M

where the single primed symbols refer to the upper state and double
primed symbols refer to lower state; T, is the electronic energy, G, is the

vibrational energy, and F; is the rotational energy. Expressions for G and F
can be found in literature [38-41]; they can be used for spectrum
simulation and fitting to measured spectra, thus enabling calculation of
isotope abundances. The molecular emission intensity is the function of
temperature:
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where Cepy, is the emission coefficient, g, is the Franck-Condon factor
and Sy is the Honl-London factor. Q is the partition function and v is the
optical emission light frequency. E is the upper energy and k is the
Boltzmann constant.

The effect of mass difference between isotopes is primarily
observed in terms G, and F; of vibronic transitions, while for the
electronic component, T, the mass effect is significantly smaller.
Consequently, molecular transitions involving change of vibrational
and rotational states can exhibit significantly larger isotopic shifts
than atomic transitions which are purely electronic in nature (Fig. 2).
Larger isotopic shifts significantly simplify measurement require-
ments. Isotope ratio measurements from molecular spectra are
advantageous for light elements (Fig. 2) that are particularly
important for biological organic life sciences. For heavy elements,
the molecular isotopic effect is smaller because it scales with the
reduced mass of the formed molecules. Moreover, the vibrational
and rotational lines in heavy molecules are closer than in light
molecules.
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Fig. 1. Energy diagram of 2s® 2p ?P°; 5 3/, < 25 2p ?Ds)5 3., electronic transitions of atomic boron is shown on the left (not to scale). The measured ''B and '°B isotopic shift for this
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Fig. 2. Molecular vs. atomic isotopic shifts for various elements. Molecular shifts were calculated for either the diatomic oxide or fluoride for each element considered in this plot.
Isotopic shifts are much larger, up to several orders of magnitude, for molecular species as opposed to atomic species. The inset is a difference plot of isotopic shifts.

Atomic isotopic shift values were taken from Stern and Snavely [37].

2. Demonstration of the new concept

This paper presents the concept and the first results obtained with
newly developed Laser Ablation Molecular Isotopic Spectrometry
(LAMIS) technology for real-time isotopic analyses of samples at
ambient pressure. Sample ablation for the experiments reported here
was achieved by using a Nd:YAG laser operating at 1064 nm with a
typical pulse energy of 50 m] and a pulse width of 4 ns. The laser beam
was focused onto the sample with a quartz lens to a spot diameter of
~100 um in ambient air. A second lens was used to collect the laser-
induced plasma emission onto the entrance of a fiber optic cable
coupled to a Czerny-Turner spectrometer. At a specific time delay
after the laser pulse, the dispersed emission was recorded by an
Intensified Charge-Coupled Device (ICCD). The delay was optimized
to detect molecular emission, while minimizing atomic and contin-
uum intensities. The measured spectra were averaged over several
laser shots (listed in figure captions).

Isotopic shifts in the measured molecular spectra can be observed in
both vibrational and rotational molecular band structures. Fig. 3 shows
the vibrational band head positions of '°B'®0 and ''B'®0 and
demonstrates the large molecular isotopic shift. The blue and green

Table 1
Molecular isotope shifts calculated using molecular constants.

Element Isotope Vibration  Diatomic oxide  Diatomic fluoride
pair band shift (cm™1) shift (cm™1)

Boron 1og, 11 (0-2) 113.505 79.344
Oxygen 160, 180 (0-2) 193.480

Magnesium  **Mg, Mg (1-0) 25.382 22.861
Chlorine 3501, 37¢l (0-2) 21.013 29.030
Potassium 39, 41K (0-1) 1413

Strontium 86gr, 88gr (0-1) 2.520 1.050
Zirconium 907, %471 (0-1) 3.291

Ruthenium 102Ry, '%%Ru  (0-1) 2.300

Tin 1165y, 1205y (0-2) 7.004

Xenon 129%e, 132Xe  (0-1) 0.362
Barium 137Ba, 13882 (0-1) 0.588 0.363
Cerium 10Ce, "2Ce  (0-1) 2.367

Europium 51Ey, %Eu (1-0) 0.834

Tungsten 182y, 1849w (0-1) 0.959

Platinum 194pg 195pg (0-1) 0.346

Lead 206pp, 208pp,  (0-1) 0.285 0.380
Uranium 235y, 38y (1-0) 0.657

curves represent the calculated emission spectra for '°8'°0 and ''B'0,
respectively. The isotopic shift for this band is 0.73 nm. By contrast, the
isotopic shift of atomic boron at 208.889 nm is orders of magnitude
smaller at 0.0025 nm.

For isotopic detection, we can use the spectral shifts of vibrational
band head or the rotational line positions. For vibrational band head
differences, isotopic shift can be expressed as:

Av = (1—p) {wé <v’ + %) - (v” + %ﬂ (3)
2 2
—(1—p2) 0gX, <v’ + %) — 04X (v” + %) ]
where p = \/u/ 1, p is the reduced mass of the molecule, and i

denotes the isotope [38]. According to Eq. (3), the isotopic shift is large
if the difference between vibrational quantum numbers Av is also
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Fig. 3. Experimental and calculated emission spectra for boron monoxide, BO. The black
curve represents the measured spectrum with natural isotopic abundance of boron
accumulated from 100 laser pulses, while the red curve represents the fitted spectrum
with 20.24% of 1°B!60. The blue and green curves represent the calculated emission
spectra of the '°B'°0 and ''B'°0, respectively.
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large. When choosing vibrational band heads for isotopic detection,
transitions with the largest Av and reasonable emission intensities
should be used.

The emission spectra in Fig. 3 represent transitions of the (0, 2)
band of the X?S* —B*3" system for boron monoxide. These data
were measured from the plasma plume of a laser ablated solid pellet
of boron nitride in air and at atmospheric pressure. The black line plot
is the experimental spectrum of BO with the ''B and !°B ratio being
the naturally occurring isotopic abundance of 80.2% and 19.8%,
respectively. The other plots are calculated spectra using Egs. (1)
and (2). The results in Fig. 3 can be used to determine the isotopic
concentration and demonstrate the isotopic detection capabilities of
using molecular emission. Using a least squares fitting technique, the
experimental data were fit by varying the isotopic fraction. The fit
resulted in a calculated concentration of 20.2% for '°B, which is very
close to the natural abundance of 19.8% for 1°B.

Rotational structure also can be used for isotopic detection. The
isotopic shift for rotational energy in diatomic molecules is:

AF = (1—p*)|B,J'(J) + 1)=B}J (J" + 1) (4)

According to Eq. (4), the isotopic shift depends on both vibrational
and rotational quantum numbers and increases with both ] and v. As
an example, the wide range of boron monoxide rotational structure
between 350 and 700 nm represent vibronic transitions of the BO
A%IT;— X235 system. Fig. 4 shows a narrow spectral range of this
system for enriched and naturally occurring boron monoxide which
resulted from the laser ablation of the following samples: '°B1°0,
(99% '°B, red curve), 1'B1°05 (95% !B, green curve), and boron nitride
(80.2% "B and 19.8% '°B, the naturally occurring abundance for boron,
black curve). Some of the lines observed in the spectrum of the
mixture of the two isotopes are attributed to !°B, while others belong
to ''B. The strong line at 583.75 nm is indicative of '°B from the BO
radical formed at the highest plasma temperature. As an example, this
peak may be used to identify '°B in a mixture of the two boron
isotopes and to quantify isotopic concentration of 1°B in the sample.

The concentration of individual isotopes also can be determined
using Partial Least-Squares (PLS) calibration procedure. The PLS
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Fig. 4. Boron monoxide rotational band spectra obtained from ablation of '°B,0s,
11B,05, and BN. The isotopic ratio of boron is the natural isotopic abundance for BN. The
black curve represents boron oxide ro-vibronic emission with the natural isotope
abundance. The red and green curves represent the rotational-emission of the '°B'°0
and !"B60, respectively. The spectra from BN accumulated using 30 laser pulses and
spectra from B,03 accumulated using 60 laser pulses.

model for boron isotopes was established using ten LAMIS reference
spectra. Each spectrum was accumulated from six laser pulses from
1081605 (99% '°B) and ''B1°0 (95% !'B) samples. Boron nitride with
natural abundance was used as the unknown sample. Three laser
pulses were accumulated for each spectra and ten of these spectra
were measured. The ''B concentration was calculated to be 80.5 4
0.9%. With this PLS calibration model, an estimated detection limit
for '°B isotope was approximately 1% in boron nitride.

In another experiment, vapors of ordinary water (H,0) and heavy
water (D,0) were ablated; the OH and OD molecular emission from
the plasma plume was measured. Molecular spectra in a laser-
generated plasma become relatively stronger at longer time delays.
The gate width of the ICCD detector was set to 60 us with the delay of
25 ps, contrary to a usual value of ~1 ps typically used for atomic
emission detection in LIBS measurements. The data in Fig. 5 clearly
demonstrate the prominent spectral features of OH A®S™" — XI1; (0,0)
transition at ~306 nm (R;, R, branch heads) and ~309 nm (Q, branch
head) with partially resolved individual rotational lines. The exper-
imental shift between the Q, branch heads of OH and OD is
approximately 0.68 nm. This shift is larger than the 0.18 nm
separation between H and D atomic lines at 656.29 and 656.11 nm,
respectively. However, more important in this case is that the
hydroxyl spectra are significantly less prone to Stark broadening
than atomic lines of H and D. Spectral lines of light atoms such as
hydrogen and deuterium can be broadened up to ~1 nm width in laser
ablation plasmas. Segregation of H and D has been measured in laser
induced and DC arc plasmas [34,42]. The possibility of segregation
could influence these molecular spectral measurements, and needs to
be investigated. However, at the long delay time and atmospheric
pressure used in this work, multiple collisions between ablated and
atmospheric species would likely equilibrate the spatial isotopic
distribution.

Simulation of the '®OH, '80H, and '®OD vibronic spectra
demonstrate that sufficient spectral resolution (~0.03 nm) to selec-
tively detect all these species simultaneously can be attained with
modern compact echelle-based spectrometers. In laser ablation, the
number density of species vaporized in each laser shot is usually 10'°-
10" cm™>. Most of the molecular species in a plume ejected from
water are expected to be ®0H. Following the isotopic abundances, the
number of '80H radicals will be approximately 500 times less.
Therefore, the estimated '®0H number density of at least ~10'? cm >
in a laser-vaporized plume from water ice can be expected. Such
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Fig. 5. Emission band of OH and OD generated from water and deuterium monoxide,

respectively. The green curve represents the OH spectrum, while the red curve represent
the OD spectrum. Spectra accumulated from 600 laser pulses.
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quantities of species are readily detectable in emission spectroscopy.
The real-time determination of oxygen isotopes from ice will be of
significant consequence to studies in paleoclimatology, hydrogeology
and glaciology.

Additional experiments were performed to measure carbon iso-
topes. LAMIS measurements of carbon isotopic signatures were
accomplished using diatomic CN and C, radicals that are known to
form effectively in laser ablation plumes and are among the well-
investigated species. The experiments were performed with regular
graphite (99% '2C) and isotopically enriched urea (99% '3C) as the
ablation samples. The C;, from the sample and N, from ambient air are
the precursors for CN formation in laser ablation plasma. The CN radicals
are generated in comparable abundance to C, and both these species are
routinely observed in LIBS of carbon-containing samples. At near-
threshold ablation of graphite, vapor in the plume is dominated by C,
and C; radicals that are directly ejected as the intact molecules.
Evaporation of carbon in the molecular versus atomic form is
thermodynamically favored because of relatively high bond energies
of C; and Cs. With the increasing laser fluence, molecular emission
remains roughly constant while atomic carbon emission increases
drastically indicating the major fraction of the plume becomes atomized
[43].

The spectra of C, and CN with resolved features attributed to '2C
and '3C isotopes measured in laser ablation plasmas are presented in
Fig. 6. The data in Fig. 6 display the (0,0) band head regions of the
C, d*[;—a°Tl, (Swan system) and CN B*S" —X23" transitions,
respectively. The isotopic shifts in the band heads of both radicals are
similar and approximately equal to ~0.03 nm. The heavier
isotope spectrum in CN is shifted toward the violet, but the
counterpart in C, is shifted toward the red. Simulation of the C,
spectrum in the region 875-890 nm of the Phillips band (2,0) of the
electronic system All"[u—Xlig indicated that the isotopic shift
between '2C, and '?C'3C can be as large as ~0.3nm. A similar
conclusion was drawn from the simulation of >C'N and '*C'“N
spectra in the region of the A%IT; — X?>3™ (1,0) transition between 925
and 940 nm. In the latter wavelength region, the three isomeric
molecules '2C'N, 3C'N, and '>C'°N can be individually resolved
with resolution of ~0.03 nm.

While the experimental results presented in this paper were
obtained using optical emission measurements, other optical spec-
troscopic techniques, such as absorption and induced fluorescence,
can be applied in a similar fashion within the LAMIS technique
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Fig. 6. Emission spectra of CN and C, generated from '>C-enriched urea and
predominantly '?C graphite. The inset is a zoomed in region of the spectrum showing
the isotopic shifts for '2C and '>C in the measured C, and CN spectra. Spectra
accumulated from 100 laser pulses.

described in this paper. Laser induced fluorescence and advanced
absorption techniques (e.g., wavelength modulation spectroscopy,
cavity ringdown spectroscopy, cavity-enhanced spectroscopy, etc.)
can be significantly more sensitive than emission spectroscopy. High
sensitivity is important for detection of minor isotopes. On the other
hand, simplicity and compactness of equipment required for the
direct emission detection is a significant merit of LAMIS.
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