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Why use optical techniques?
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The focus of our work is detection of proliferation 
activities via optical techniques
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Near-Field Detection of Proliferation
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Yet in many ways, LIBS remains, in terms of its 
potential applications, a still-evolving technology, as 
optics and photonics researchers seek new ways to take 
advantage of its strengths, and to overcome some of its 
challenges. The miniaturization of LIBS equipment has 
opened opportunities for taking it into the fi eld. And 
researchers are looking at novel approaches that would 
extend the power of LIBS into detecting not just atomic 
compositions, but actual molecular species. Here, we 
take a look at LIBS and a few recent developments in 
its application. 

How LIBS works
Fundamentally, LIBS involves a pulsed laser, some sort 
of detector to gather the optical data, and a spectrom-
eter and associated software to analyze those data. 
The process begins when a pulsed laser—commonly 
a neodymium:YAG laser—is focused on a target, typi-
cally a patch less than 1 mm2 in area. That creates an 
irradiance on the order of 1 GW/cm2 or more, enough 
to ionize the small target into a plasma, with the elec-
trons stripped from their nuclei. The optical signal in 
the plasma, which includes spectrographic information 

L aser-induced breakdown spectroscopy 
(LIBS)—a form of atomic emission spectros-
copy, in which the spectra are read from a 
tiny patch of ablated sample material, sus-
pended in a laser-induced plasma—has 

been around for a long time. The fi rst observation of 
a laser-induced plasma with potentially useful spec-
tral information was reported in 1962, only two years 
after the laser’s initial demonstration. Nineteen years 
later, Tom Loree and Leon Radziemski introduced the 
modern form of the technique, and gave it its name, in 
a landmark 1981 paper in the journal Plasma Chemistry 
and Plasma Processing.

Since then, as the tools of the trade—pulsed lasers, 
detectors and spectrometers—have advanced, LIBS 
has evolved into its own scientifi c discipline. In the 
fi rst fi ve years of this decade, according to the Scopus 
scientifi c index, more than 4,000 papers were pub-
lished or presented on the technology. And in terms 
of applications, LIBS has found its way across a vari-
ety of disciplines—from geology to planetary science, 
from defense to food security, from environment to 
industry, from chemistry to biology.

1047-6938/17/05/42/8-$15.00 ©OSA

Basic design of a laser-induced breakdown spectroscopy system.
Illustration by Phil Saunders
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Laser-induced breakdown spectroscopy is a 
representative example of an optical technique

5

44        OPTICS & PHOTONICS NEWS  MAY 2017

Yet in many ways, LIBS remains, in terms of its 
potential applications, a still-evolving technology, as 
optics and photonics researchers seek new ways to take 
advantage of its strengths, and to overcome some of its 
challenges. The miniaturization of LIBS equipment has 
opened opportunities for taking it into the fi eld. And 
researchers are looking at novel approaches that would 
extend the power of LIBS into detecting not just atomic 
compositions, but actual molecular species. Here, we 
take a look at LIBS and a few recent developments in 
its application. 

How LIBS works
Fundamentally, LIBS involves a pulsed laser, some sort 
of detector to gather the optical data, and a spectrom-
eter and associated software to analyze those data. 
The process begins when a pulsed laser—commonly 
a neodymium:YAG laser—is focused on a target, typi-
cally a patch less than 1 mm2 in area. That creates an 
irradiance on the order of 1 GW/cm2 or more, enough 
to ionize the small target into a plasma, with the elec-
trons stripped from their nuclei. The optical signal in 
the plasma, which includes spectrographic information 

L aser-induced breakdown spectroscopy 
(LIBS)—a form of atomic emission spectros-
copy, in which the spectra are read from a 
tiny patch of ablated sample material, sus-
pended in a laser-induced plasma—has 

been around for a long time. The fi rst observation of 
a laser-induced plasma with potentially useful spec-
tral information was reported in 1962, only two years 
after the laser’s initial demonstration. Nineteen years 
later, Tom Loree and Leon Radziemski introduced the 
modern form of the technique, and gave it its name, in 
a landmark 1981 paper in the journal Plasma Chemistry 
and Plasma Processing.

Since then, as the tools of the trade—pulsed lasers, 
detectors and spectrometers—have advanced, LIBS 
has evolved into its own scientifi c discipline. In the 
fi rst fi ve years of this decade, according to the Scopus 
scientifi c index, more than 4,000 papers were pub-
lished or presented on the technology. And in terms 
of applications, LIBS has found its way across a vari-
ety of disciplines—from geology to planetary science, 
from defense to food security, from environment to 
industry, from chemistry to biology.

1047-6938/17/05/42/8-$15.00 ©OSA

Basic design of a laser-induced breakdown spectroscopy system.
Illustration by Phil Saunders

Neodymium:
YAG laser

Delay generator/
detector controller

Computer data
display

Focusing
lens

Field sample

Plasma

Collection 
optics

Fiber optic
input

Spectrograph-CCD 
module

Focused laser 
pulse
(irradiance > 
GW/cm2)

Field sample



             Consortium for Verification Technology

Elemental coverage of LIBS
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All elements emit light!

J. E. Barefield II, INMM (2011)
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Spectral features of LIBS signals 
are time-dependent

7

Time
1 ns 10 ns 1 µs100 ns 10 µs 100 µs

LI
B
S
si
gn
al

Si
gn

al
 in

te
ns

ity
Emission of 

discrete 
atomic, ionic, 
and molecular 

lines

E

≳1 µs

Continuum 
emission E

e- e- e-
e- e-

≲1 µs



             Consortium for Verification Technology

Atomic and molecular emission can be used for 
identification of elements or compounds

8

UO2 pellet
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Figure 3.2. Full ns-LIBS spectrum of a depleted uranium oxide pellet with a 1 µs gate
delay.

Figure 3.3. LIBS spectra of a uranium oxide pellet are shown between between 405
and 411 nm [37].
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Figure 2.7. CN molecular spectra following ablation of a graphite sample by fs-laser
pulses.

direct excitation of the preformed molecules on the sample surface or from plasma

assisted chemical reactions with the ambient atmosphere [49, 51, 50, 113]. The ex-

act origin of the excited molecular radicals has not yet been elucidated. However,

current work is being conducted using isotopically enriched samples and spatially

resolved LAMIS and LIBS spectral measurements to map the emission of specific

elements, isotopes, and molecules over the plasma evolution, which will allow for

the determination of the ambient atmosphere or the sample as being the source of

the excited molecular radicals [114].

2.6 Summary

LIBS research has primarily been driven by either the laser and LIBS system

available to the researcher or the specific analytical application. The number of

studies varies greatly according to the type of sample, laser wavelength and pulse

duration used to conduct the studies. Further, there has been a tendency for

the LIBS community to “black-box” e↵ects that are observed for complex mixed

samples or non-ideal environments in which variations in the LIBS emission or

plasma dynamics has been observed as “matrix e↵ects”. LIBS matrix e↵ects vary

Atomic Molecular
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Origin of the optical isotope shift
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We developed a compact instrument and 
used it to measure 235U/238U isotope shift 
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U-nat HEU

We measured the 235U/238U atomic isotope shift down to 6 pm.

P. Ko, J. Scott, and I. Jovanovic, Opt. Commun. 357, 95-99 (2015).
P. K. Morgan, J. R. Scott, and I. Jovanovic, Spectrochimica Acta Part B: Atomic Spectroscopy 116, 58-62 (2016).
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Remote excitation can be realized 
by use of laser filamentation
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Filaments can be used to 
deliver laser excitation 
over multi-kilometer 
distances!

Terramobile
n = n0 + n2I
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Remote measurement of uranium enrichment via 
filament-produced uranium oxide
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Molecular shift (Q-branch of the UO molecular transition, 593.6 nm) is 
~2.5 times the atomic shift (U II, 424.43 nm).

K. C. Hartig, I. Ghebregziabher, and I. Jovanovic, Sci. Rep. 2017

Heaven et al. [S1] identified a number of UO molecular emission features in the 590–600 nm
spectral range including the strong Q branch emission centered at 593.6 nm; therefore, this spectral
window was chosen to search for the evidence of any UO molecular emission in the measured LIBS
spectrum.

Figure S2: Selected emission spectra from femtosecond laser ablation of uranium under ambient
atmospheric conditions for various gate delays and a constant width of 1.0 ms. Ten laser shots were
averaged to obtain the measured emission spectrum.

The formation of uranium oxide molecules within the plasma is dependent on the plasma assisted
combustion of uranium with oxygen in the ambient atmosphere. A thin oxide layer may be present
on the sample surface that could contribute to the formation of uranium oxide in the plasma;
however, this layer is readily removed with 5–10 “cleaning” laser shots. It is possible to separate
the uranium atomic and uranium molecular emission through the decrease in the atomic emission
intensity and increase in the molecular emission intensity at later times in laser induced plasmas.
The increase in the uranium molecular emission at later times is due to the decrease of plasma
temperature and the expansion of the ablation plume into the ambient atmosphere, which increases
the population of molecular radicals. Figure S2 shows selected results of LIBS measurements on
the depleted uranium sample under ambient atmospheric pressure as a function of the gate delay
for a constant gate width. Immediately apparent in this result is the presence of a strong emission
feature centered at 593.57 nm at plasma lifetimes greater than ⇠1.0 ms. Review of the Los Alamos
Scientific Laboratory Uranium Atlas [S3] and the NIST Atomic Line Database [S4] reveals that this
emission line is not associated with either U I or U II. The 593.38 nm U I emission line is observed
at delays in the range of 100 ns–4.0 ms, while the 593.57 nm emission feature is first observed after
500 ns and persists up to ⇠20 ms. The delay in the observation of the 593.57 nm emission feature
combined with the presence of the isolated emission feature at later plasma lifetimes is indicative
of it emanating from uranium oxide. At later plasma lifetimes the uranium molecular emission
becomes more isolated due to the reduction of the atomic emission; however, the overall emission
intensity and signal-to-background ratio was reduced compared to earlier times.

The combination of the long emission lifetime, the emission peaking at later times compared
to the atomic emission, and the identification of the uranium monoxide (UO) emission centered at

3
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The first measurement of uranium isotopic 
composition via 2D fluorescence spectroscopy
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www.nature.com/scientificreports/

4Scientific RepoRts | 7: 3784  | DOI:10.1038/s41598-017-03865-9

isotope in the NU and HEU samples. For NU, shown in Fig. 1(e), a factor of 5 enhancement in emission intensity 
is observed for LIF relative to LIBS. A small increase in emission intensity is also observed for the U I 404.76 nm 
transition, which has a 620 cm−1 lower energy level and 25,319 cm−1 upper energy level. Due to the close spacing 
of the energy levels to the U I 404.38 nm transition, collisional transfer may induce fluorescence27. The HEU 
results shown in Fig. 1(f) indicate a 15x enhancement of LIF over the LIBS emission intensity. In addition, the 
LIBS emission intensity is much weaker for HEU relative to NU. The reduced LIBS emission intensity from HEU 
could be due to differences in sample properties leading to lower ablated mass or lower excitation temperature.

The 2DFS maps in the spectral region near the LIF transition are shown in Fig. 2(a,b) for the NU and HEU 
sample, respectively. In both 2DFS maps, a strong peak is visible from the major uranium isotope and a weaker 
peak from the minor isotope. Figure 2(c) shows the emission from the U I 404.28 nm transition as the ECDL 
frequency is scanned across the 238U I 394.38 nm and 235U I 394.38 nm transitions. The two peaks are clearly 
resolved with a separation of 8.8 ± 0.2 GHz, in agreement with the expected isotope splitting of 8.7 GHz. Also 
shown are fits to the experimental spectra. The FWHM of the Voigt function used in the fits is 2.2 ± 0.1 GHz for 
the NU sample, and 1.9 ± 0.1 GHz for the HEU sample. From the areas of the two peaks obtained from the fits 
we calculate the isotope fractions to be 26 ± 2% 235U, 74 ± 5% 238U in NU, and 97 ± 4% 235U, 3 ± 1% 238U in HEU. 
While the measured NU enrichment disagrees with the expected value (discussed further below), the measured 
HEU enrichment agrees with the enrichment measured by gamma spectroscopy, 96 ± 4% 235U and 3 ± 4% 238U, 
within measurement uncertainties.

Figure 2(d) shows the detail on the emission spectrum from the U I 404.28 nm transition for the NU and 
HEU samples. The emission is enhanced via LIF with the ECDL resonant with the 238U I 394.38 nm and 235U I 
394.38 nm transition for the NU and HEU samples, respectively. Despite the 30 pm peak widths resulting from 
instrumental broadening, the 4.67 pm blue shift of the emission from the 235U in the HEU sample is evident, pro-
viding an ancillary observation of the isotope shift in the emission transition.

The results shown in Fig. 2 clearly demonstrate the ability of 2DFS to distinguish NU from HEU using fs laser 
ablation. However, the relative peak areas in the NU measurement differ greatly from the expected isotope ratio. 
Given the use of pure U metal targets, a high atomic number density in the ablated plume may lead to saturation 
of the LIF emission signal for the major isotope. In addition, the linewidth measured from the LIF excitation 
spectrum and other plasma properties are expected to vary with ambient pressure. Therefore, we performed addi-
tional measurements to understand the dependence of the absorption properties of the plasma on both pressure 
and time.

Absorption properties of uranium plasma. Figure 3(a,c,e) shows additional 2DFS for the NU sample 
performed at pressures of 1, 10, and 700 Torr Ar. The strongest LIF emission is observed at 1 Torr Ar, with the 

Figure 2. 2DFS of natural (NU) and highly-enriched (HEU) uranium samples in 50 Torr Ar. (a) 2DFS 
intensity for NU sample. (b) 2DFS for HEU sample. The ECDL scan ranges were slightly offset for (a,b) and 
the darker blue represents regions outside the scan range. (c) LIF excitation spectrum for NU (red) and HEU 
(blue) samples. Solid lines show fits to spectra using model described in text. (d) Emission spectrum of the U I 
404.28 nm transition for NU (red) and HEU (blue) samples with ECDL resonant with the 238U I 394.38 nm and 
235U I 394.38 nm transition, respectively. A small blue shift of the 235U emission is observed.

PNNL’s top DNN R&D highlight, 2017 

M. Phillips, B. E. Brumfield, N. LaHaye, S. S. Harilal, K. C. Hartig, 
and I. Jovanovic, Sci. Rep. 2017
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Remote sensing requires an understanding of 
beam delivery, signal production, and collection
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Femtosecond filamentation allows for the 
extended propagation of laser pulses to 

distances 102–103 m

Important questions remain: 
• nature of interaction of filaments with 

target 
• collection and extraction of signal at large 

standoff
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Effect of multiple filamentation on signal intensity
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Detected spectroscopic signal continues 
to increase despite multiple filamentation!

P. J. Skrodzki, M. Burger, and I. Jovanovic, Sci. Rep. (2017)

At high energies there is a 
break-up into multiple filaments.

multiplesingle
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Once we create the signal, from what distance can 
we measure the characteristic optical emission?
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• Measured copper & steel emission from ~102 m 
• counted ~20-30 signal photons per shot @ 90 m!

K. Stelmaszczyk et al., Phys. Rev. E, Vol. 60 (2004) 
Ph. Rohwetter et al., J. Anal. At. Spectrom., Proc. SPIE 6158 (2004)

1000 
shots

90 m25 m
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We simulate a detection system to help guide upcoming 
experiments in which we extend the collection distance
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Same parameters as 
Stelmaszczyk’s 2004 work

Stelmaszczyk’s result

>1000 shots 
required!

20-30 photons per shot
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Uranyl fluoride is a unique signature of enrichment activity 
which may be effectively detected by the optical techniques
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UO2F2 aerosols are produced by hydrolysis of UF6.

UF6 + 2H2O → UO2F2 + 4HF

Hydrolysis
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Figure 5-11. Photoluminescence spectra of uranyl acetate hydrate (UA).  The black trace shows a 
scan from method 1 with an excitation wavelength of 430 nm.  The blue trace shows a scan from 
method 2 with an excitation wavelength of 400 nm.  A 475 nm long pass filter was placed at the 
entrance of the emission monochromator, after the sample. 

 
Figure 5-12. Photoluminescence spectra of uranyl fluoride hydrate (UF).  The black trace shows a 
scan from method 1 with an excitation wavelength of 400 nm.  The blue trace shows a scan from 
method 2 with an excitation wavelength of 405 nm.  The large peak at 810 nm is second order 
scattering of the excitation light.  
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We are investigating the signatures and optical 
methods for detection of uranyl fluoride
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We recently partnered with K. Czerwinsky (UNLV) to obtain UO2F2 
samples, which will be used in experiments at Michigan.
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We also established a collaboration with A. Hero (EECS) to develop 
a unified method to understand the time-dependent spectral 
signatures of UO2F2 and other compounds.
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Research team

20

Milos Burger 
postdoctoral fellow 

Igor Jovanovic 
faculty

Patrick Skrodzki 
PhD student

Lauren Finney 
PhD student

Phyllis Morgan 
Ph.D. 2015 
DTRA

Kyle Hartig 
Ph.D. 2016 
PNNL & University 
of Florida

Recent Graduates

Ian Baughman 
Undergraduate 
student



             Consortium for Verification Technology

Thank you and please attend our lab tour
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