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APPARATUS, SYSTEM, AND METHOD FOR

for isotope measurements is that LIBS can be employed to

LASER-INDUCED BREAKDOWN
SPECTROSCOPY

generate a single laser pulse for both sampling and detection,
which may simplify the instrument design.

GOVERNMENT RIGHTS

sample preparation of the mass spectrometry techniques,

While the use of LIBS may overcome the issue related to

conventional LIBS systems are still relatively large and
expensive because of the optical detection instrumentation

This invention was made with government support under
Contract Number DE-AC07-051D14517 awarded by the

needed to acquire su?icient resolution. For example, at least
some isotopic line shift measurements may require a high
resolution spectrometer with resolution better than about 10

United States Department of Energy. The government has
certain rights in the invention.

pm Full Width at Half Maximum (FWHM). Most conven
TECHNICAL FIELD

tional spectrometers, however, have a resolution of approxi
mately 100 pm FWHM, which may be insuf?cient for many
isotope measurements. Some conventional LIBS systems
may employ a Czemy-Turner spectrometer that includes a
double pass grating having a 2 m focal length that is used to

Embodiments of the present disclosure relate generally to
laser-induced breakdown spectroscopy (LIBS) and, more
speci?cally, to an apparatus, a system, and a method relating
to operation of optical detection components of a LIBS sys

perform relatively high-resolution isotope measurements. An

tem.

alternative to a 2 m focal length Czemy-Turner spectrometer
may be an Echelle spectrometer, which may also be relatively
BACKGROUND

20

Various methods are employed for determining the mate
rial constitution of a sample, which may include obtaining

BRIEF DESCRIPTION OF THE DRAWINGS

isotopic measurements of the sample. For example, isotopic
measurements of the sample may be acquired by using mass

FIG. 1 is a schematic block diagram of a LIBS system
25

spectrometers, which may operate through techniques such
as accelerator mass spectrometry (AMS), magnetic sector
mass spectrometry (MSMS), resonance ionization mass

spectrometry (RIMS), and which may use a variety of ion

ization sources (e.g., thermal ionization (TI), inductively
couple plasma (ICP), etc.) in order to analyze positive or
negative ions from the sample. Each of these mass spectrom

30

tion or additional instrumentation (e. g., a fumace for RIMS)
35

40

least two laser beams (i.e., a ?rst laser beam for sampling and
a second laser beam for analysis and detection).
Laser-induced breakdown spectroscopy (LIBS) is another
45

FIG. 13 is a plot ofthe FWHM for the 313.1844 nm doublet
of the Hg emission in a He atmosphere at various pressures;
FIG. 14 is a ?ow chart illustrating a method for improving
the signal-to-noise ratio of a ?nal image of a LIBS system
according to an embodiment of the present disclosure;
FIG. 15 depicts a region of a portion of a ring of the ?nal
image, for which curved light patterns are converted into a

spectrum to improve signal-to-noise ratio of the ?nal image;
and
FIG. 16 depicts a plurality of cross sections of the summed
intensities with and without the signal-to-noise ratio
improvements described in the method of FIG. 14.

pulse may be focused toward a sample, such as onto a surface

of a sample (e.g., solid or liquid) or into a sample (e.g., liquid
or gas). The laser pulse exhibits a high enough power density

generated by the LIBS system of FIG. 1 acquired from a
continuous light source;
FIGS. 11 and 12 show analysis of the ?nal images of the
LIBS system of FIG. 1 using a pulsed laser source creating the

plasma of the sample;

tion. Such optical methods generally require generating at

optical method for performing isotopic measurements. LIBS
includes generating a single laser pulse for both sampling and
detection, although multiple laser pulse techniques, such as
collinear double-pulsed LIBS, are also employed. The laser

according to an embodiment of the present disclosure;
FIG. 2 depicts an optical system of a LIBS system accord
ing to an embodiment of the present disclosure;
FIGS. 3 through 6 depict optical systems of a LIBS system
according to various embodiments of the present disclosure;
FIG. 7 depicts an optical system of a LIBS system accord
ing to another embodiment of the present disclosure;

FIGS. 8 through 10 show analysis of the ?nal images

etry techniques generally requires extensive sample prepara
to enable sample analysis. In addition, the instruments used
for mass spectrometers may be relatively large and expensive.
Other methods for acquiring the isotope measurements and
isotope ratio detection of the sample include optical methods.
Examples of such optical methods include laser ablation
laser induced ?uorescence and laser ablation-laser absorp

large and expensive.

50

DETAILED DESCRIPTION

to transform at least a part of the sample into a state of a

plasma. Optical emissions from the plasma plume are col
lected with light collection optics, and the spectral distribu
tion (i.e., intensity as a function of wavelength) of the col

55

lected optical emissions is analyzed with a spectrometer by
collecting optical emissions and generating electronic infor
mation describing the spectral distribution of the collected
optical emissions. Because atomic and molecular constitu
ents of sample materials exhibit a characteristic optical emis

In the following detailed description, reference is made to
the accompanying drawings which form a part hereof and, in
which is shown by way of illustration, speci?c embodiments
in which the invention may be practiced. These embodiments
of the present disclosure are described in suf?cient detail to

enable those of ordinary skill in the art to practice the inven
tion, and it is to be understood that other embodiments may be
60

utilized, and that structural, logical, and electrical changes

sion spectrum, the information generated by the spectrometer
forms a “?ngerprint” of the sample material, revealing the

may be made within the scope of the disclosure.

constituents of that part of the sample onto which the laser

cuits described in connection with the embodiments dis
closed herein may be implemented or performed with a pro

The various illustrative logical blocks, modules, and cir

beam was focused. LIBS can also measure the isotopic line

shift, which may be used to determine the isotope ratio of
elements. An advantage of using LIBS over laser ablation
laser induced ?uorescence or laser ablation-laser absorption

65

cessor such as a general purpose processor, a special purpose

processor, a Digital Signal Processor (DSP), an Application

Speci?c Integrated Circuit (ASIC), a Field Programmable

US 8,891,073 B2
3

4

Gate Array (FPGA) or other programmable logic device,

The dispersion element 140 may be con?gured to generate
a dispersed spectrum in response to the light 106. For
example, the dispersion element 140 may be a Czerny-Tumer
spectrometer, which may employ a grating (not shown; see
FIG. 2). An example of a Czerny-Tumer spectrometer may be
a SpectraPro 500i Czemy-Tumer spectrometer available

discrete gate or transistor logic, discrete hardware compo
nents, or any combination thereof designed to perform the
functions described herein. A general purpose processor may
be a microprocessor, but in the alternative, the processor may
be any conventional processor, controller, microcontroller, or

from Acton Research Corporation, of Acton, Mass. In some
embodiments, the dispersion element 140 may be a prism, a

state machine. A processor may also be implemented as a
combination of computing devices, e.g., a combination of a

bent optical ?ber, or other dispersion elements con?gured to

DSP and a microprocessor, a plurality of microprocessors,

disperse and ?lter wavelengths of light.

one or more microprocessors in conjunction with a DSP core,

The image sensor 150 may be a charge-coupled device
(CCD) camera, a complimentary metal-oxide-semiconductor
(CMOS) sensor, or another electronic-based imaging device

or any other such con?guration.
It should be understood that any reference to an element

(e. g., element, object, etc.) herein using a designation such as

that converts an optical image to an electrical signal. As a

“?rst,” “second,” and so forth does not limit the quantity or

non-limiting example, the image sensor 150 may be the PI

order of those elements, unless such limitation is explicitly

MAX 512x512 pixel ICCD camera available from Princeton
Instruments of Trenton, N.J. Such an image sensor 150 may
have an effective pixel size of 24 pm.
The data acquisition module 160 may include hardware

stated. Rather, these designations may be used herein as a
convenient method of distinguishing between two or more
elements or instances of an element. A reference to ?rst and
second elements does not mean that only two elements may

20

be employed there or that the ?rst element must precede the
second element in some manner. Also, unless stated other
wise a set of elements may comprise one or more elements.

In this description, speci?c implementations shown and
described are only examples and should not be construed as

25

the only way to implement the present invention unless speci
?ed otherwise herein. It will be readily apparent to one of
ordinary skill in the art that the various embodiments of the

data processing and software modules (e.g., MATLAB®).

present invention may be practiced by numerous other parti

tioning solutions. Referring in general to the following
description and accompanying drawings, various embodi
ments of the present disclosure are illustrated to show its
structure and method of operation. Common elements of the
illustrated embodiments may be designated with like refer
ence numerals. It should be understood that the ?gures pre

Data processing may be performed in custom software, ?rm
30

112 having a desired wavelength, with the laser pulse 112

being generated according to a desired operating frequency.
35

particular portion of the actual structure or method, but are

merely idealized representations employed to more clearly
and fully depict the present invention de?ned by the claims

such as the Continuum Precision II model available from
40

In operation, the sample 102 may be placed within the
chamber 105 (e.g., atmospheric chamber, vacuum chamber).

includes a chamber 105, a laser 110, a ?ber optic cable 120, a

constructive interference object (CIO) 130, a dispersion ele
45

real-time spectroscopic technique capable of providing rich
50

light 106. Examples of speci?c types of etalons and interfer

Isles. Fabry-Perot etalons conventionally have been used in
optical spectrometry, usually as ?lters for selecting wave
length ranges or to ?lter and “clean up” a laser signal. In
embodiments of the present disclosure, the constructive inter
ference object 130 generate rings 132 of light, which will be
discussed more fully with respect to FIGS. 8 through 12. As
used herein, the term “rings” of light means a light pattern
(i.e., an image) in which photons are dispersed into substan

In some embodiments, the sample 102 may be positioned in
the open air as long as the laser pulse 112 can be suf?ciently
focused on or in the sample 102. The sample 102 may be a
solid, a gas, or a liquid sample. As discussed above, LIBS is a

module 160. The LIBS system 100 may further include one or
more focus lenses 108 positioned at various locations in the

ometers include Fabry-Perot, Gires-Tournois, a Lummer-Ge
hrcke, and Fizeau. An example of a Fabry-Perot etalon may
be available from SLS Optics Limited of Isle of Man, British

CONTINUUM® of Santa Clara, Calif. Other pulsed laser

characteristics, including different wavelengths and operat
ing frequencies are contemplated.

FIG. 1 is a schematic of a LIBS system 100 according to an

path of a laser pulse 112 generated by the laser 110, or in the
path of light 106 generated from a sample 102 or at other
locations in order to focus light for further processing.
The constructive interference object 130 may be an etalon,
an interferometer, or other optical device that is con?gured to
generate constructive interference patterns responsive to the

For example, the laser 110 may generate a 1064 nm laser
pulse 112 operating at 10 Hz with an energy of 25 m]. The
irradiance of the laser pulse 112 may be approximately 101 l

W/cm2. For example, the laser 110 may be Nd:YAG laser,

embodiment of the present disclosure. The LIBS system 100

ment (DE) 140, an image sensor 150, and a data acquisition

ware, or computational hardware, such as an FPGA, for high

throughput or compact integration.
The laser 110 may be con?gured to generate a laser pulse

sented are not meant to be illustrative of actual views of any

below.

(e.g., a processor) that receives the data signal 152 from the
image sensor 150, and software that includes control logic
con?gured to analyze or otherwise process the data signal
152. For example, the data acquisition module 160 may be the
Winspec/32 module available from Princeton Instruments of
Trenton, N.J. As an example, the software and the image
sensor 150 may be operated in image mode, and the data may
be exported in ASCII. Data processing may be performed in

55

atomic information regarding the constituents of the sample
102, and may be performed with little, to no, preparation of
the sample 102. As a result, LIBS may be substantially non
destructive to the sample 102.
The laser 110 generates a laser pulse 112. The laser pulse
112 may be transmitted from the laser 110 through a focus
lens 108, through a window in the chamber 105 and onto the
sample 102. In some embodiments the focus lens and the
window in the chamber may be one and the same. If the laser

tially concentric rings, with the radius of each ring depending

pulse 112 interacts with the sample 102, a plasma 104 may be
created that generates the light 106. The light 106 generated
from the plasma 104 may be transmitted to the constructive
interference object 130 and the dispersion element 140. For
example, the light 106 may be focused onto the ?ber optic
cable 120 for transmission (e.g., routing) to the constructive
interference object 130. While other methods of light trans
mission may be used, ?ber optics may be particularly useful

on the wavelength of the photons.

for transmission in harsh environments and over long ranges.

60
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The constructive interference object 130 may receive the
light 106, and be con?gured to transmit the light 106 as a
relatively complex set of rings 132 of light that are created
through interfaces of the constructive interference object 130.
The dispersion element 140 may be con?gured to ?lter out
certain wavelengths of light that would otherwise create an

interference object 130. For example, the FSR of the con
structive interference object 130 may be approximately 0.1 1 1
nm, the Feff may be approximately 20.29, and the FWHM
may be approximately 5 .3 pm. As a result, the FWHM may be

improved by increasing the re?ectivity of the mirrors (i.e.,
increasing the Feff) or increasing the spacing between the
mirrors (i.e., decreasing the FSR). Therefore, altering one or

extraordinarily complex set of rings of light. As a result,
?ltered rings 142 of light may be transmitted from the disper

more of these variables may be performed to achieve appro

priate parameters for the different types of optics desired for

sion element 140 as the ?nal image of the light 106 received
by the image sensor 150. The image sensor 150 may be
con?gured to receive and detect the ?ltered rings 142 of light
and responsively transmit a data signal 152 to the data acqui
sition module 160 for further processing and analysis of the

a particular use.

In operation, the rings 132 of light transmitted from the
constructive interference object 130 may be focused through

data signal 152.

a slit 241 (e.g., a 500 pm) of the dispersion element 140. After
a re?ection on a mirror 244, the light may be dispersed by the

FIG. 2 depicts an optical system 200 of a LIBS system
according to an embodiment of the present disclosure. The

diffraction grating 248, resulting in ?ltered rings 142 of light
arranged in vertical strips (i.e., columns). The constructive

optical system 200 includes the constructive interference
object 130 and the dispersion element 140 positioned
between the ?ber optic cable 120 and the image sensor 150
such that light 106 from the ?ber optic cable 120 passes
through the optical system 200 to the image sensor 150. As
previously described above with respect to FIG. 1, the con

interference object 130 may be aligned with the dispersion
element 140 to allow a portion of the top part of the rings 132
20

structive interference object 130 may be con?gured as a

Fabry-Perot etalon, and the dispersion element 140 may be a

Czerny-Tumer spectrometer.

25

of light to be imaged. The top part of the rings 132 of light may
be a relatively ?at portion of the rings 132 of light. If the width
of the slit 241 is increased, a relatively greater portion of the
rings 132 of light may be projected onto the image sensor 150,
which may result in some overlap in the columns of the rings
projected onto the image sensor 150.
The combination of the constructive interference object

Referring speci?cally to FIG. 2, the dispersion element 140
may include a plurality of re?ective plates 244, 246 (e.g.,

130 (e.g., Fabry-Perot etalon) and the dispersion element 140

mirrors) and a diffraction grating 248. As an example, the
diffraction grating 248 of the dispersion element 140 may
include approximately 1800 grooves per mm (g/mm). The

focal length, which may enable the use of a smaller optical

(e.g., Czerny-Tumer spectrometer) may allow for a shorter

of re?ective plates 234, 236 (e. g., mirrors) being separated by

con?guration. For example, as conventional LIBS systems
may require a Czerny-Turner spectrometer having a relatively
long focal length (e. g., 2 m) in order to achieve an appropriate
high resolution (e.g., approximately 10 pm FWHM or less),

a gap of some distance (d). The gap may be maintained by a

embodiments of the present disclosure may achieve a simi

30

constructive interference object 130 may include the plurality

material (e.g., spacers) between the re?ective plates 234, 236.
In some embodiments that gap may be an air gap between the

35

larly high resolution (e.g., 10 pm FWHM or less) with a
Czerny-Tumer spectrometer as the dispersion element 140

having a substantially reduced focal length (e.g., 0.5 m).

re?ective plates 234, 236.
Attributes of the constructive interference object 130 that

Therefore, the size and cost of the LIBS system 100 may be

may contribute to achieving a desired resolution are the free

substantially reduced in comparison to conventional LIBS

spectral range (FSR) and effective ?nesse (Feff). The FSR is

systems.
FIGS. 3 through 6 depict optical systems 300 through 600

the wavelength separation between adjacent transmission
peaks of the re?ected light between the re?ective plates 234,
236. The FSR may be determined, at least in part, by the
thickness of the gap (e.g., spacers, air gap, etc.) between the
re?ective plates 234, 236. The Feff is a function of the re?ec
tivity of the re?ective plates 234, 236. The constructive inter
ference object 130 may further include a coating con?gured
for the re?ection of certain wavelengths of light, which may
further affect the Feff. For example, the re?ective plates 234,
236 of a Fabry-Perot etalon (i.e., constructive interference
object 130) may be conventionally coated with silver or alu

40

of a LIBS system according to various embodiments of the
present disclosure. While the embodiments of FIGS. 1 and 2

45
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illustrate light 106 travelling through a constructive interfer
ence object 130 followed by a dispersion element 140, other
arrangements of optical elements are contemplated. For
example, an optical system 300 of FIG. 3 may have a disper
sion element 340 followed by a constructive interference
element 330. Optical system 400 of FIG. 4 may have a ?rst
dispersion element 440 followed by a constructive interfer
ence object 430 and a second dispersion element 445 before

the ?nal image of the light 106 is transmitted to the image

minum. In some embodiments, a dielectric ?lm may disposed

over the re?ective plates 234, 236, which may reduce absorp

sensor 150. Optical system 500 of FIG. 5 may include a ?rst

tion at approximately 313 nm, which is near the wavelength

constructive interference object 530 followed by a dispersion

of the mercury (Hg) emission detected in the examples pro
vided in this disclosure. As a result, using a dielectric ?lm
coating may cause the Fabry-Perot etalon to operate within
narrow spectral region compared with a silver or aluminum
coating. Some embodiments may include a broadband dielec

tric coating, which may improve measurements throughout at
least a portion of the visible region (e. g., approximately 400

55
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element 540 and a second constructive interference object
535 before the ?nal image of the light 106 is transmitted to the
image sensor 150. Optical system 600 of FIG. 6 may include
a ?rst constructive interference object 630 followed by a

second constructive interference object 635. As noted above,
these examples do not limit the quantity or order of those
elements or objects.

nm to 600 nm). Such dielectric coatings are known in the

For the optical systems 300 through 600 of FIGS. 3 through

optical industry and may be combined to produce various
re?ective and transmissive ranges throughout the ultraviolet,
visible, and infrared regions as needed for a speci?c applica

6, when introducing additional optical elements and con?gu
rations, the ?nal image of light 106 projected onto the image

tion.
The ratio of the FSR and the Feff may provide an estimate
of the FWHM of the rings 132 of light of the constructive

sensor 150 can become relatively complex. As a result, the
65

analysis of the data acquisition module 160 used to interpret
and translate the ?nal image of light 106 into a useful spec
trum may be relatively complex in comparison to that of FIG.
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1. Other optical arrangements are contemplated as embodi

rings 132 of light responsive to the light 106. In addition, the
dispersion element 140 may comprise a grating (e.g., 1800

ments of the present disclosure that can produce even more

complex images, but which may require even more elaborate
analysis methods in order to translate the ?nal images of light
106 into useful spectra. Even with the CIO-DE con?guration
for the optical systems of FIGS. 1 and 2, the ?nal image of
light 106 that is received by the image sensor 150 may be
analyzed by what may be considered to be an elaborate analy

g/mm), which may cause a su?icient dispersion of the rings
132 of light into columns along the pixel area 801. The dis
persion element 140 may also limit a subset of wavelengths to
be projected onto the pixel area 801 of the image sensor 150.

For example, the projection of the ?nal image onto the pixel
area 801 may be an Hg emission, in which the 312.6 nm Hg
line has been split from the 313.2 nm Hg line. Column 810 is
the 313.2 nm line ofthe Hg emission, and column 820 is the
312.6 nm line of the Hg emission.

sis method performed by the data acquisition module 160.
FIG. 7 is an optical system 700 of a LIBS system according
to another embodiment of the present disclosure. The optical

FIG. 9 is a plot 900 of the ?ltered rings 142 received by the
image sensor 150. In particular, the plot 900 shows the

system 700 includes a ?ber optic cable 720 that includes a

constructive interference object 730 and a dispersion element
740. In other words, at least a portion of, or all, of the optical
elements of the optical system 700 may be constructed and

summed intensities of the 313.2 nm line of the Hg emission

along the line 9-9 of FIG. 8 (i.e., column 810). In other words,
the y-axis of the pixel area 801 of FIG. 8 is along the hori

integrated within the optical ?ber of the ?ber optic cable 720.
As an example, the constructive interference object 730
may constructed as a Fabry-Perot etalon arrangement having
a pair of re?ective elements 734, 736 formed within the

optical ?ber of the ?ber optic cable 720. The dispersion ele

20

ment 740 may be constructed as a diffraction grating formed

within the optical ?ber of the ?ber optic cable 720, such as
being inscribed with Bragg gratings 748. In some embodi
ments, the optical ?ber of the ?ber optic cable 720 may be
bent such that the light 106 may be dispersed through the side
of the optical ?ber in order to create the desired effects of the
constructive interference object 730 and the dispersion ele

Hg emission at 313.2 nm was used to evaluate instrument
performance because the 3 1 3 .2 nm doublet was chosen due to
25
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FIGS. 8 through 11. For the results of FIG. 11, a cinnabar
(HgS) sample was mounted on a sample holder in a vacuum
35

40

150. The ?nal image is the light 106 after being translated by
the constructive interference object 130 and the dispersion
element 140. The constructive interference object 130 gener
ated rings 132 of light that are concentric having radii that are
dependent on the wavelengths of the photons, and which are
characteristic to the emissions from the material constituents

through 10 are the result of the LIBS system 100 having a

continuous light source (e.g., Hg lamp) passing through the
45

ment 140, rather than having a pulsed laser source create a

plasma 104 of the sample 102. Generating a continuous light
source for most analytes generally takes time-consuming
sample preparation and adds additional instrumentation to a

system.

chamber having a helium (He) atmosphere of 10 Torr. The
pulsed laser operated for one minute with a laser pulse rate of
10 HZ, or a total of 600 accumulated laser pulses. The ?nal
image is projected onto a pixel area 1101 of the image sensor

dispersion elements are not integrated with a ?ber optic cable.

constructive interference object 130 and the dispersion ele

lamp with a two second acquisition time.
FIG. 11 is a plot 1100 of the ?nal image created from a
LIBS system of FIG. 1 using a pulsed laser, as opposed to a
continuous light source as was described with reference to

which one or more of the constructive interference objects or

FIGS. 8 through 10 show analysis of the ?nal images
generated by the LIBS system 100 of FIG. 1. For demonstra
tion and purposes of comparison, the ?nal images of FIGS. 8

the similar hyper?ne splitting (a splitting of 29 pm) as the
isotope splitting of uranium at 424.437 nm (a splitting of 25
pm). For FIGS. 8 through 10 using a continuous light source,
the Hg emission was resolved from a continuous source Hg

ment 740. Of course, different optical arrangements are con

templated for the optical system 700, in addition to the con
structive interference object 730 and the dispersion element
740 shown in FIG. 7. For example, optical arrangements,
such as those described with respect to FIGS. 3 through 6 may
be formed within the ?ber optic cable 720. Incorporating the
constructive interference object 730 and the dispersion ele
ment 740 within the ?ber optic cable 730 may enable further
miniaturization of the optical system 700 (and therefore also
the LIBS system 100 (FIG. 1)) relative to optical systems in

zontal axis of FIG. 9. The vertical axis of FIG. 9 is the
intensity of the 313.2 nm line of the Hg emission of FIG. 8.
FIG. 10 is a zoomed-in, enlarged portion of the ?ltered
rings 142 of the intensities of the 313.2 nm line of the Hg
emission. Inparticular, FIG. 10 shows the portion ofthe 3 13 .2
nm line ofthe Hg emissionbetween lines 10-10 ofFIG. 9. The

50

FIGS. 11 and 12 show analysis of the ?nal images of the

of the sample 102. The dispersion element 140 generated
vertical columns for the rings (i.e., ?ltered rings 142), and
which are further separated into wavelengths. As with FIG. 8,
the optical emission spectrum that is characteristic to Hg is
separated into a column 1110 (i.e., 313.2 nm), and a column
1120 (i.e., 312.6 nm). FIG. 8, however, shows additional
columns 1130, 1140 that are attributable to the characteristic

LIBS system 100 of FIG. 1 using a pulsed laser source cre

optical emission spectrum of the sulfur (S) constituent of the

ating the plasma 104 of the sample 102. The light associated

cinnabar, which was not present in FIG. 8.

with FIGS. 11 and 12 is from the laser generated plasma 104
of a cinnabar (HgS) sample. Of course, it is contemplated for
other samples to be used depending on the desired sample for
determining the material constituents and isotopic measure
ments thereof. Challenges of using the constructive interfer
ence object 130 and the dispersion element 140 with the low
light levels and pulsed nature of LIBS are discussed below
with reference to FIGS. 14 through 16.
Referring speci?cally to FIG. 8, FIG. 8 is a plot 800 of the
strips of ?ltered rings of light output as the ?nal image onto
the image sensor 150, such as in the LIBS system of FIG. 1.
For example, the x- and y-axes form a pixel area 801 of the
image sensor 150. As discussed above with respect to FIGS.

1 and 2, the constructive interference object 130 may generate

FIG. 12 is a zoomed-in, enlarged portion 1200 of the col
55

umn 1110 of the intensities of the 313.2 nm line of the Hg

emission of FIG. 11. In particular, the processing of the por
tion 1200 of the column 1110 of the 313.2 nm line is taken

along line 12-12 of FIG. 11. As shown in FIG. 12, the LIBS
system having a pulsed laser source and con?gured as dis
60
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cussed resolves the Hg doublet in a similar manner as using a

continuous light source.
FIG. 13 is a plot 1300 ofthe FWHM for the 313.1844 nm
doublet of the Hg emission in a He atmosphere at various
pressures ranging from 10 Torr to 300 Torr. The 313.1844 nm
line used in FIG. 13 was generated by a pulsed laser and LIBS
being directed upon a cinnabar sample from the accumulation
of 600 laser pulses at rate of 10 HZ (i.e., for one minute). As

US 8,891,073 B2
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shown in FIG. 13, the LIBS system if con?gured and operated
according to the present disclosure, produces results that are
highly comparative (e.g., FWHM in the range of 10 pm for
most pressures shown) with conventional LIBS systems that

2(r)

f meme

E.

1

q ()

91(r)

operate with Czerny-Tumer spectrometers having relatively
long focal length (e.g., 2 m). As a result, a smaller, more
compact LIBS system may be implemented while maintain
ing an appropriate resolution and resolving power.

where I(r,6) is the intensity of the image at the polar coordi
nates (r,6) from the center of the ?nal image. The starting and
ending points for the integral vary with r because of the

The use of other atmospheres and pressures within the
chamber are contemplated, in addition to those shown in FIG.
13 . A He atmosphere has a high ionization potential (24.4 eV)

grating separates the image into rectangular “bands” (i.e.,
columns). The denominator of equation (1) normalizes for the
variable “r” by dividing by the arc length of the integration. As
shown in FIG. 11, the bands diametrically opposed to each

and high thermal conductivity compared with other gases,
such as N2 or Ar. The high ionization potential and thermal
conductivity of He may result in a reduction of Stark broad

other are part of the same circular band and can optionally be

ening and pressure broadening. Different pressures may be
desirable for resolving certain isotopes. For example, a He
atmosphere of 100 Torr may provide desirable conditions for
resolving Pu isotopes, while 10 Torr may be desirable for
resolving the Hg doublet. The desired atmospheric conditions
may further vary depending on other experimental variables,
such as the way the plasma is viewed and the gating of the

As the ?nal image may be a digital array created from an
image sensor 150 (FIG. 1) on a rectangular pixel array, a

added into the spectrum.

method for interpolating each pixel to the appropriate point
on the discrete spectrum may be de?ned. At operation 1420,
20

the spectra expression will be digitized in a like manner as a
set of intensities, such as:

image sensor.

Referring again brie?y to FIG. 1, the LIBS system 100
detects the light 106 that is generated by a plasma 104 being

where AR is a desired resolution, which may be no smaller
25

created by a laser pulse 112 rather than a continuous light
source. In addition, passing the light 106 through the con

sensor, as each pixel in the band has a radius from the center

of the image pattern. For all but the case of the pixels on the
vertical cross-section the pixel radius will fall between the

structive interference object 130 (e.g., Fabry-Perot etalon)
may reject a signi?cant amount of light from the light 106. For
example, as much as 99% of the light 106 may be rejected by
the constructive interference object 130 that has a relatively

than the minimum spacing between image pixels of the image

30

high Feff. As a result, relatively low light levels may be

sample points in the set of intensities s(i).
At operation 1430, the intensity may be divided between
neighboring pixels, such as by interpolation. For example, the
intensity (I) of a point (j,k) has a radius of:

detected by the image sensor 150. In addition, as the spectra
intensity may be lower, noise may be more apparent. In other

words, the signal-to-noise ratio (S/N) of the ?nal image
detected by the image sensor 150 may be relatively low.
One method for improving S/N of the ?nal image is to
widen the slit 241 (FIG. 2) in order to allow more light to be
collected; however, doing so may also cause the rings in the
?nal image to express curvature when projected onto the

35

where j is the column pixel number and k is the row pixel
number and Cj and Ck are the center of the image. If two
sample radii are identi?ed that are closest to the radius for this

pixel, the radius immediately smaller than r(j,k) may be
40

assigned the intensity:

image sensor 150. Such curvature may not easily be added

from the bins of the image sensor 150. Therefore, improving
the S/N of the ?nal image received by the image sensor 150

wherein “p” is the index of the radial position in the mapping

may be achieved by converting the curved light patterns into
an appropriate spectrum.

from the image to the spectra. The next radius may be
45

assigned the remainder intensity:

50

and I(p) may be assigned 0 intensity for all other points.
At operation 1440, each pixel may be processed in the valid
region and the intensity divided for each pixel is summed for
the appropriate samples in s(i) to arrive at the spectrum having

FIG. 14 is a ?ow chart 1400 illustrating a method for

improving S/N of a ?nal image of a LIBS system according to
an embodiment of the present disclosure. Because the pho
tons are distributed over the entire circumference of each ring

of the ?nal image, a higher relative magnitude accuracy may
be obtained if the band is integrated over the available ?eld.
Because the application dispersion element 140 uses a slit

an intensity with an increased available S/N extracted from

241, only a portion of the circumference of each ring is
available. As a result, the integral may be set to integrate over
the portion of the band that is available and then may be
normalized based on the portion of the circumference that is
available.

the image:
55

At operation 1410, the available portion of the circumfer
ence of the rings may be integrated. As an example, FIG. 15
depicts a region 1500 of a portion of a ring of the ?nal image,
for which curved light patterns 1510 are converted into a

60

where (p, j, k) is the intensity from a pixel intensity I(p, j, k)

spectrum to improve S/N of the ?nal image. In other words,

attributed to the radial intensity p based on the equations

FIG. 15 shows the region 1500 over which the image can be
integrated to count the photons over the entire circumference
of the arc segment that is available.
For a continuous image, the integral equation to generate a
spectrum over the arc is expressed in the numerator of:

above for interpolating pixel between discrete radii (i.e.,
operation 1430). In equation (6), “p” is the index of the radial
position in the mapping from the image to the spectra, while
“j” and “k” are the pixel positions. The intensity (I) may be
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equal to an intensity of 0 for all but the two nearest discrete
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radii. The summation of operation 1440 may be normalized
over the valid arc segment for the radius of the rings of the

present disclosure may contribute to a relatively smaller
design that may result in a more portable apparatus with a

?nal image.

relatively high resolution, many additional applications may

FIG. 16 depicts a plurality of cross sections 1600 of the

bene?t from an increased ability to perform the measure
ments in the ?eld or at the site (in situ), and in real-time.

summed intensities with and without the S/N improvements
described in the method of FIG. 14. For example, the inten
sities of plot 1610 does not show an improvement to the S/N,
whereas plot 1620 does show an improvement to the S/N
having had the method described in FIG. 14 applied thereto.
In some embodiments the S/N may be further improved by

CONCLUSION

An embodiment of the present disclosure includes an appa

ratus. The apparatus comprises a pulsed laser con?gured to
generate a pulsed laser signal toward a sample, a constructive
interference object and an optical element, each located in a

merging the outer doublet rings with their respective inner
doublet rings, as the outer doublet rings are repetitions from

the inner doublet rings. In other words, outer doublet rings
1612 may be merged with inner doublet rings 1616, and outer
doublet rings 1614 may be merged with inner doublet rings

path of light generated by the sample. The constructive inter

1618.

disperse the light.

ference object is con?gured to generate constructive interfer
ence patterns of the light. The optical element is con?gured to

LIBS systems and related optical systems of the present

Another embodiment of the present disclosure includes a

disclosure may be implemented in a wide range of industries

laser-induced breakdown spectroscopy system. The laser
induced breakdown spectroscopy system comprises a cham
ber con?gured to house a sample, a pulsed laser con?gured to
generate a laser pulse into the chamber onto the sample to
create a plasma generating light, and an image sensor. The

and measurement applications for various isotopes (e.g., C,
H, N, O, S stable isotopes). For example, contemplated appli
cations include material analysis, radiological quality con
trol, nuclear nonproliferation and safeguard monitoring, geo

20

chronology, forensics, environmental monitoring, biological
identi?cation, mining exploration and processing, petroleum
industry, forensics, and in the analysis of artworks.
As a few speci?c examples, nuclear energy may employ
isotope signatures to monitor fuel burn-up rates and ef?
ciency of fuel processing or reprocessing. Additionally, iso
tope signatures can be used for nuclear nonproliferation
monitoring to determine if nuclear fuel is being processed
according to treaty agreements (i.e., illicit diversions of
nuclear material are not occurring). Geochronology, archeol

25

rings having a radius that is dependent on at least one wave

30

ogy, and some environmental monitoring may use isotope

signatures, such as by determining Rb-87/Sr-87 for dating
rocks. Conventional methods for dating rocks have relied on

35

acquiring samples in the ?eld and taking the samples back to
a laboratory for extensive sample preparation and analysis,

length of the light. The second optical element is con?gured
to receive the light and disperse the light onto the image
sensor. The data acquisition module is operably coupled with
the image sensor, and is con?gured to determine an isotope
measurement based, at least in part, on the light received by
the image sensor.
Yet another embodiment of the present disclosure includes
a method for performing laser-induced breakdown spectros
copy. The method comprises generating a pulsed laser on a

sample to generate light from a plasma, generating construc
tive interference patterns of the light, and dispersing the light
into a plurality of wavelengths.

which may take months to obtain the results. Even after

obtaining the results, a subsequent trip to the ?eld site is often

required. A portable high-resolution LIBS system may be

laser-induced breakdown spectroscopy system further com
prises a ?rst optical element and a second optical element, and
a data acquisition module. The ?rst optical element is con?g
ured to receive the light and generate a plurality of concentric

40

While the invention is susceptible to various modi?cations

during the initial ?eld trip, enabling decisions (e. g., where to

and implementation in alternative forms, speci?c embodi
ments have been shown by way of non-limiting examples in

take other samples) to be made on location.

the drawings and have been described in detail herein. How

bene?cial in allowing the data to be acquired in real time

Isotopes may also be used by the food and perfume indus
tries to assess adulteration of edible and essential oils, respec

45

invention includes all modi?cations, equivalents, and alter
natives falling within the scope of the following appended
claims and their legal equivalents.

tively. Drug testing also uses these types of isotopes to dis
tinguish between natural and synthetic testosterone. There is
interest in small, high performance instruments for monitor

ing isotopes for signs of life and various isotopes for geochro
nology for space exploration applications. Forensics is

50

a pulsed laser con?gured and oriented to generate a pulsed
laser signal toward a sample;
a constructive interference object located in a path of light

source materials or tracking the origin and movements of

desired in the monitoring of nuclear processing and forensics
are the isotope ratios of special nuclear material. The petro
leum industry uses sulfur and carbon isotopes to identify
sources. Isotope data is not only used in ?eld exploration, but
also to assess oil clean-up efforts. In addition, the isotope data
may be used to monitor the change in oils moving in pipe

55
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of a plasma generated by the sample responsive to the
pulsed laser signal, and con?gured to generate construc
tive interference patterns of the light;
an optical element located in the path of the light serially
with the constructive interference object, the optical ele
ment con?gured to disperse the light; and
a gated image sensor including a two-dimensional array

con?gured to receive the light from the constructive

lines.

interference object and the optical element, and generate
a digital image of the received light.

In addition, while examples of applications have been
given that relate to the detection of isotopes, it is contem
plated that the embodiments of the present disclosure may
also be used for hyper?ne structure applications as would be
understood by those skilled in the art. As embodiments of the

What is claimed is:
1. A laser-induced breakdown spectroscopy apparatus,

comprising:

another discipline that is turning more and more toward iso

tope data, as opposed to element only data, for identifying

people (e.g., isoscapes). For example, bullets can be ?nger
printed by the ratio of lead isotopes. Information that may be

ever, it should be understood that the invention is not intended
to be limited to the particular forms disclosed. Rather, the
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2. The laser-induced breakdown spectroscopy apparatus of
claim 1, wherein the constructive interference object is a

Fabry-Perot etalon.
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3. The laser-induced breakdown spectroscopy apparatus of
claim 1, wherein the optical element is a dispersion element

16. The laser-induced breakdown spectroscopy system of
claim 14, wherein the ?rst optical element is selected from the

con?gured to disperse the light into columns.

group consisting of an etalons and an interferometer.

4. The laser-induced breakdown spectroscopy apparatus of
claim 3, wherein the dispersion element is a Czerny-Turner

17. The laser-induced breakdown spectroscopy system of
claim 14, wherein the second optical element is selected from
the group consisting of a spectrometer, a prism, and an optical
?ber.
18. The laser-induced breakdown spectroscopy system of
claim 14, wherein the second optical element comprises a

spectrometer.
5. The laser-induced breakdown spectroscopy apparatus of
claim 1, wherein the optical element is a second constructive

interference object.
6. The laser-induced breakdown spectroscopy apparatus of
claim 1, wherein the optical element is positioned to receive

Czerny-Tumer spectrometer having a diffraction grating.

the light exiting the constructive interference object.
7. The laser-induced breakdown spectroscopy apparatus of
claim 1, further comprising a ?ber optic cable con?gured to
receive the light from the sample and transmit the light to the
constructive interference object and the optical element.
8. The laser-induced breakdown spectroscopy apparatus of
claim 7, wherein the ?ber optic cable comprises the construc
tive interference object and the optical element.
9. The laser-induced breakdown spectroscopy apparatus of
claim 1, wherein the gated image sensor is selected from the
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19. The laser-induced breakdown spectroscopy system of
claim 18, wherein the Czemy-Tumer spectrometer has a focal
length of approximately 0.5 meter or less.
20. A method for performing laser-induced breakdown

spectroscopy, comprising:
generating a pulsed laser on a sample to generate light from
a plasma;

generating constructive interference patterns of the light;
dispersing the light into a plurality of wavelengths,
wherein generating the constructive interference pat
terns and dispersing the light occur through optical ele

group consisting of a charge-coupled device and a CMOS

imager.

ments that are located in a serial path of the light from the

10. The laser-induced breakdown spectroscopy apparatus
of claim 1, further including a data acquisition module oper

generating a digital image responsive to collecting, with a

ably coupled with the gated image sensor and con?gured to
analyze the digital image and generate a spectrum in response

two-dimensional gated image sensor, the dispersed light
that has passed through the optical elements.

thereto.
11. The laser-induced breakdown spectroscopy apparatus
of claim 10, further comprising a chamber con?gured to

21. The method of claim 20, wherein dispersing the light
includes dispersing the constructive interference patterns of

plasma; and
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house the sample.
12. The laser-induced breakdown spectroscopy apparatus
of claim 11, wherein the chamber is selected from the group
consisting of a vacuum chamber and an atmospheric cham
ber.
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13. The laser-induced breakdown spectroscopy apparatus
of claim 10, wherein the data acquisition module is further
con?gured to convert curved light patterns of the digital
image into a spectrum for a plurality of neighboring pixels of
the gated image sensor.

40

dividing at least one intensity of the set of intensities

prising:
a chamber con?gured to house a sample;
a laser con?gured to generate a laser pulse onto the sample
45

a gated image sensor including a two-dimensional array
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optical element, and con?gured to receive the light and
disperse the light onto the gated image sensor; and
a data acquisition module operably coupled with the gated
image sensor, and con?gured to determine an isotope
measurement based, at least in part, on the light received

by the gated image sensor.
15. The laser-induced breakdown spectroscopy system of
claim 14, wherein the laser is a Nd:YAG pulsed laser.

between the neighboring pixels of the two-dimensional
gated image sensor; and
summing a plurality of intensities for each of the neighbor
ing pixels to obtain an intensity for each individual one

of the neighboring pixels.

con?gured to generate a digital image of the light;
a ?rst optical element con?gured to receive the light and
generate a plurality of concentric rings having a radius
dependent on at least one wavelength of the light;
a second optical element serially located with the ?rst

22. The method of claim 20, further comprising converting
curved light patterns of the digital image into a spectrum for
a plurality of neighboring pixels of the two-dimensional gated
image sensor that receives the dispersed light.
23. The method of claim 22, wherein converting curved
light patterns of a digital image into a spectrum includes:
integrating an available portion of the curved light patterns
received by the two-dimensional gated image sensor;
digitiZing a spectral expression of the curved light patterns
as a set of intensities;

14. A laser-induced breakdown spectroscopy system, com

within the chamber to create a plasma generating light;

the light.

55

24. The method of claim 20, further comprising determin
ing an isotope based, at least in part, on a characteristic photon
wavelength detected in the plurality of wavelengths and asso
ciated with the sample.
25. The method of claim 20, wherein generating construc
tive interference patterns of the light includes generating
rings of the light that have a radius that corresponds to a

characteristic photon wavelength.
26. The method of claim 25, wherein dispersing the light
includes dispersing the rings of the light into columns accord
ing to the characteristic photon wavelength.
*
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