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ABSTRACTS
If nuclear or radioactive incident occurs, response should be rapidly made to minimize radiological
hazard on site, control nuclear or radioactive material, and preserve nuclear forensic evidence to find
its origin and production method. Currently, gamma-ray spectroscopy and neutron detection are
recommended for on-site analysis of radioactive material in nuclear forensics, while these techniques
cannot identify alpha- and beta-emitting isotopes, as well as non-radioactive impurities. To remedy the
weakness of such techniques, LIBS could be applied to on-site nuclear forensics, thanks to its speed
and adaptability to various circumstances. In this paper, we develop and evaluate theft scenarios of 90Sr,
which is pure beta-emitting isotope. We conduct LIBS experiment to analyze selected target materials
(SrTiO3, SrF2, and SrCO3) on different substrates (Al, mortar, soil), simulating post-detonation
radiological debris in urban areas. Differentiation methods of target materials are found after
characterizing LIBS spectra quantitatively, and sensitivity test is conducted by calculating LODs of Sr.
The LIBS results are compared with ICP-OES, Raman spectroscopy, and SEM/EDX. Target materials
are well differentiated, showing similar tendencies among substrates. LIBS is highly applicable to onsite nuclear forensics, enabling analysis of both radioactive isotopes and nonradioactive impurities,
especially when combined with Raman spectroscopy and conventional gamma-ray spectroscopy.
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I. Introduction
Since 9/11 terrorism in 2011, the threat of terrorist attacks has been globally increased. Awareness to
public protection and security from terrorism have also been raised. In 2016, an anti-terrorism
legislation [Act on Anti-Terrorism for the Protection of Citizens and Public Security] was enacted in
the Republic of Korea. Nuclear and radioactive terrorism falls within the scope of the legislation.
Terrorists can use nuclear or radioactive materials for manufacturing NEDs (nuclear explosive
devices) or RDDs (radiological dispersal devices), respectively. Indeed, there have been a lot of loss
and theft cases of nuclear and radioactive materials [1]. If nuclear or radioactive incident occurs,
response should be made to minimize radiological hazards on site, control nuclear or radioactive
material, and preserve nuclear and associated traditional evidence. The process for investigating and
finding evidence for the source is called nuclear forensics. Using collected evidence, nuclear forensic
interpretation is conducted to determine the method and time of production. Finally, the source is
attributed by a process of identifying the source. In 2006, IAEA (international atomic energy agency)
has published a technical report which provides member states for information, including available tools
and procedures, about nuclear forensics [2].
Gamma-ray spectroscopy and neutron detection are currently recommended for on-site NDA (nondestructive analysis) of radioactive material in nuclear forensics. The problem is that these techniques
cannot identify alpha- and beta-emitting isotopes, as well as non-radioactive impurities. It means that
there are severe limitations on characterizing the source, even after detonation of a bomb. In order to
deal with such situation, LIBS (laser-induced breakdown spectroscopy) could be a promising on-site
technique thanks to several advantages. LIBS can analyze elemental composition of a sample within
several seconds without pre-treatment, and identify small amounts of impurities up to few ppm for
certain element. In addition, the technique can predict isotopic ratio in specific conditions, by
quantifying isotope shift in emission spectra.
We first review the process of nuclear forensics, and confirm to what extent LIBS can contribute to
on-site nuclear forensics analysis. We investigate LIBS application cases directly or indirectly to nuclear
forensics; reduction of instrument size [3-7], remote detection and analysis [8-17], analysis in liquid
matrix [18-22], isotopes analysis [23-28], and new isotopes analysis technique (LAMIS, laser ablation
molecular isotopic spectroscopy) [29, 30]. Target materials and substrates, simulating post-detonation
debris of RDDs, are selected and prepared for LIBS experiment by developing theft scenarios of
radioactive materials. The LIBS results are compared with ICP-OES (inductively coupled plasma
optical emission spectroscopy) and Raman spectroscopy. SEM/EDX (scanning electron microscope
with energy-dispersive X-ray spectroscopy) is used to identify morphology of samples before and after
laser shot. We suggest algorithm for on-site nuclear forensics by using LIBS and the other techniques.
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II. What is Nuclear Forensics?
In 2006, IAEA suggested model action plan for nuclear forensics [2], developed by LLNL
(Lawrence Livermore National Laboratory) in 2004 [31], which may be followed by member states.
Figure 1 shows deductive nuclear forensics process [2, 31]. Two main agents (i.e., incident investigation
team and nuclear forensics laboratory) are responsible for the process. Incident investigation team
collects samples of nuclear or radioactive materials, and categorize the materials with their hazard in
field. Then, collected samples are sent to nuclear forensics laboratory. Nuclear forensics laboratory
categorizes the samples again in laboratory, and assumes a hypothesis for origin of source. Samples are
interpreted based on its physicochemical characteristics, elemental and isotopic ratio, and so on. If
assumed hypothesis is not correct after interpretation, new hypothesis will be build and verified
iteratively until the materials are attributed.

Figure 1. The nuclear forensics process [2, 31].

When categorizing material, graded approach is adopted. Different methods are suggested, depending
on whether sources are nuclear or radioactive materials. The categories of nuclear materials are
unirradiated direct use material, irradiated direct use material, alternative nuclear material, and indirect
use material (Table 1 [32]). Nuclear material away from the above categories is classified as commercial
radioactive sources [2].
2

Table 1. Recommended categories for nuclear materials [32].
Category
Unirradiated direct use material

Irradiated direct use material

Type of material

Radioactive components

High enriched U

>20% U-235

Pu & mixed U–Pu oxides

<80% Pu-238

U-233

Separated isotope

Irradiated nuclear fuel
material

In irradiated nuclear fuel
elements or in spent fuel
reprocessing solutions

Am-241

Separated element or present
in irradiated nuclear material,

Alternative nuclear material

in separated plutonium or in

Np-237

mixtures of uranium and
plutonium

Indirect use material

Depleted U

<0.7% U-235

Natural U

0.7% U-235

Low enriched U

>0.7% & <20% U-235,
(typically 3–5%) U-235

Pu-238

>80% Pu-238

Th

Th-232

In case of radioactive sources, they are categorized with their radioactivity and usage. Table 2 shows
the criteria for categorization of radioactive source [33]. A/D value is calculated as below:

Aggregate A⁄D = ∑
𝑛

∑𝑖 𝐴𝑖,𝑛
,
𝐷𝑛

(1)

where 𝐴𝑖,𝑛 is the activity of each individual source i of radionuclide n; 𝐷𝑛 is the D value for
radionuclide n. D value for the relevant radionuclide is provided by IAEA [33]. On-site NDA techniques
such as neutron detection and gamma-ray spectroscopy are recommended for in-field categorization.
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Table 2. Recommended categories for radioactive sources used in common practices [33].
Sourcea and practice

Category

Activity ratiob
(A/D)

Radioisotope thermoelectric generators
1

Irradiators

A/D ≥1000

Teletherapy sources
Fixed, multi-beam teletherapy (gamma knife) sources

2

3

Industrial gamma radiography sources
High/medium dose rate brachytherapy sources
Fixed industrial gauges that incorporate high activity sources
Well logging gauges

1000> A/D ≥10

10> A/D ≥1

Low dose rate brachytherapy sources
4

Industrial gauges that do not incorporate high activity sources
Bone densitometers

1> A/D ≥0.01

Static eliminators
Low dose rate brachytherapy (eye plaques and permanent implants)
X ray fluorescence (XRF) devices
5

0.01>A/D

Electron capture devices

≥exempt

Mossbauer spectrometry sources
Positron emission tomography (PET) check sources
a

Factors other than A/D alone have been taken into consideration in assigning the sources to a category.

b

This column can be used to determine the category of a source purely on the basis of A/D. This may
be appropriate, for example, if the practice is not known or is not listed, if sources have a short halflife and/or are unsealed, or if sources are aggregated.

Characterization aims at determining the nature of radioactive evidence. Possible radionuclide
signatures are summarized in Table 3 [2]. IAEA guides generally accepted techniques and time sequence
of 24 hours, one week, and two months. Although different techniques and relevant time can be used to
represent nature of a source, post-detonation cases will require more timely information by quick
analysis. Not only large area will be contaminated and destroyed, but additional detonations may occur.
Table 4 indicates nuclear forensics activities, time scale, and methods following a detonation [34].
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Table 3. Examples of relevant radionuclide signatures [2].
Signature
In-growth of daughter isotopes
Pu isotope ratios
Residual isotopes
Concentration of short lived
fission product progeny

Information revealed
Chemical processing date
Enrichment of U used in Pu production
Neutron spectrum and irradiation time in the reactor
Chemical processing techniques
Chemical yield indicators

Table 4. Nuclear forensic activities following a terrorist explosion [34].
Information

Time scale

Methods

Was radioactivity involved?

An hour or less

Dosimetry at scene

Detonation was nuclear

An hour or less

Visual, seismic, radiation

Uranium or plutonium fuel

Hours to days

Possible field measurement

Nuclear device design

Weeks to months

Reconstructive analyses

Age, production, history

A week to months

Iterative analyses

Both analysis time and pre-treatment time before analysis are the most important criteria that
determines quickness of characterization for post-detonation nuclear forensics. It means that on-site
analysis techniques will be most beneficial to rapid characterization if they do not remove evidences to
be sampled. Figure 2 compares analysis time and measurement method for each technique that is
commonly adapted to nuclear forensics. LIBS, Raman spectroscopy, FT-IR (Fourier transform infrared),
and gamma-ray spectroscopy are the techniques which enable on-site NDA. Among them, LIBS can
collect the valuable signatures by predicting isotopic and elemental composition quantitatively (Table
5). In contrast, gamma-ray or neutron spectroscopy, which are applied portably to categorization, cannot
measure alpha- and beta-emitting isotopes, as well as non-radioactive materials. Raman spectroscopy
or FT-IR cannot be used alone either. Therefore, we identify how LIBS can be applied to nuclear
forensics in various circumstances through literature review in Section 3, and demonstrate its
applicability by conducting LIBS experiment after assuming potential sources for terrorism in Sections
4 and 5.
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Figure 2. Comparison of techniques for nuclear forensics.

Table 5. Comparison of on-site NDA techniques.
Methods

LIBS

Quantitative

Possible

Radioactive (isotopic)

Possible (α, β, γ)

Impurity (elemental)

Possible (cations)

Gamma-ray spectroscopy

Raman spectroscopy /

/ neutron spectroscopy

FT-IR

Impossible

Possible

Partially possible
(only γ or n)
Impossible
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Impossible
Partially possible
(molecular compounds)

III. Literature Review: LIBS
3.1 LIBS Principles
LIBS is the spectroscopic technique to analyze atomic and ionic emission spectra from plasma plume
induced by a pulsed laser. The schematic process of LIBS is shown in Figures 3 and 4. When pulsed
laser beam is focused on a target material, the material ablates after absorbing beam energy.
Comprehensive interactions, including fragmentation, atomization, vaporization, sublimation, and
melting, form crater on the laser spot. Multiphoton and tunnel ionization initiate production of free
electrons. The electrons are accelerated by inverse bremsstrahlung, and collide with material to produce
the other free electrons. If electrons density reaches a critical value, high-density plasma is created due
to breakdown. The plasma expands with shockwave formation and emits radiation continuum. The
ablated material dissociates into atomic and ionic species during emission. When LTE (local thermal
equilibrium) is obtained, by generating delay time, an ICCD (intensified charge-coupled device) camera
detects and collects emitted photons except continuum emission, and transmits them to a spectrometer
coupled with a computer. The computer analyzes characteristic spectra for each element. The line
density of photons emitted by a transition from level i to level j is:

𝐼𝑖𝑗 =

𝐴𝑖𝑗 𝑔𝑖
1
𝐸𝑖
𝑛0
𝑒𝑥𝑝 (−
),
4𝜋 𝑈(𝑇)
𝑘𝐵 𝑇

(2)

where 𝐼𝑖𝑗 is the emission rate density of photons (m−3sr−1s−1); 𝑛0 is the number of neutral atoms in
the plasma (m−3); 𝐴𝑖𝑗 is the transition probability between level i and level j (s−1); 𝑔𝑖 is the degeneracy
of the upper level i (2j+1); 𝑈(𝑇) is the partition function (s-1); 𝐸𝑖 is the energy level of the upper level
i (eV); 𝑘𝐵 is the Boltzmann constant (eV/K); 𝑇 is the temperature (K) [35].

Figure 3. Schematic diagram of LIBS (Source: Dr. Steve Rehse).
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Figure 4. Schematic diagram of LIBS system (Source: Applied Photonics Ltd.).

Development of laser and study on spectrochemistry contributed to such concept of LIBS system.
Basic concept of laser is established by Einstein in 1917 [36], and the history of the laser development
started from it. In early 1950s, Townes et al. developed MASER (microwave amplification by
stimulated emission of radiation), which uses two energy levels but cannot operate continuously. In
1958, the MASER concept spread to optical application [37]. In 1960, Maiman first developed Ruby
pulse laser that operates [38]. Geusic et al., in 1964, developed 1064 nm Nd:YAG (neodymium-doped
yttrium aluminum garnet; Nd:Y3Al5O12) laser [39], which is widely used in current LIBS system.
After first laser was invented, laser-induced plasma was detected. Brech and Cross discussed
possibility of such plasma for spectroscopic usage [40]. In 1963, Maker et al. found light-induced
breakdown phenomenon in gas [41]. Runge et al., in 1964, mentioned that spark induced by Q-switched
pulse laser may be used to analyze metals [42]. In 1965, VEB Carl Zeiss developed laser spark
spectrometer which can be produced commercially [43]. Jarell-Ash developed laser microspectrochemical analysis system [44]. In 1970, Scott and Strasheim conducted research on
spectroscopic analysis of laser plume [45].
In 1965, Zel'dovich and Raizer suggested theory and model to understand plasma induced by low
energy laser. They organized mechanism of laser plasma generation [46] and its growth in air [47],
respectively. Considering shock dynamics, they explained how plasma is generated, emits heat, decays,
and affects spectrum. In 1974, Griem published an important paper, accounting for plasma-induced
spectrum broadening effects such as Stark broadening and Doppler broadening [48]. Especially, atomic
8

and ionic spectra results were shown in specific temperature, magnetic field, and electron density
conditions. Broadening and shift values of various atoms and ions, including H and He, were included
in appendices.
Based on formulated theory, LIBS technique was applied to qualitative and quantitative analysis in
field. It resulted in research and development of LIBS on various topics. Table 6 summarizes LIBS
research group organized in different countries from 1975 to 2000 [3]. Among various topics, we
investigated application cases of LIBS, associated directly or indirectly with on-site nuclear forensics.
More specifically, we selected five topics; reduction of instrument size (Section 3.2), remote detection
and analysis (Section 3.3), analysis in liquid matrix (Section 3.4), isotopes analysis technique (Section
3.5), new isotopes analysis technique (LAMIS, laser ablation molecular isotopic spectroscopy) in
Section 3.6. Above application cases will provide a clue how efficiently they can be applied to various
conditions, even when analyzing alpha-emitting radioisotopes dispersed in water, or highly
contaminated area in the distance. We assessed LIBS applicability to on-site nuclear forensics at the end
of the Section 3.
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Table 6. LIBS groups that started in the period 1975 to 2000 [3].
Group organizer

Country

Topic of initial publications

S.M. Angel

U.S.

Multiple pulse LIBS

D. Anglos

Greece

Art history, provenance

C. Aragon

Spain

Carbon content in molten steel

S. Buckley

U.S.

LIBS instrumentation

N.H. Cheung

China

Resonance-enhanced LIBS

D. Cremers

U.S.

Instrumentation

R. Fedosejevs

Canada

Micro- and femto-LIBS

D. Hahn

U.S.

LIBS fundamentals

R. Harmon

U.S.

Threat analysis

M. Harith

Egypt

Atmospheric pollution

K. Kagawa

Japan

Excimer laser excitation of LIBS plasmas

K. Kurniawan

Indonesia

Effect of hydrogen on metals

J. Laserna

Spain

Surface analysis using LIBS

Z. Li

China

LIBS fundamentals

P. Mauchien

France

Study of matrix effects, U and Pu analysis

A. Miziolek

U.S.

LIBS excited by various laser wavelengths

K. Niemax

Germany

Spectrochemical applications, double-pulse

R. Noll

Germany

Steel analysis, plastics analysis

N. Omenetto

U.S.

Fundamentals of the LIBS plasma

V. Palleschi

Italy

Calibration-free LIBS

R. Russo

U.S.

Ablation studies

M. Sabsabi

Canada

Aluminum alloy analysis

I. Schechter

Israel

Environmental sample analysis

J.P. Singh

U.S.

Continuous emission monitor

A. Whitehouse

Great Britain

LIBS at nuclear facilities

J. Winefordner

U.S.

Spectrochemical analysis, modeling

S. Yalcin

Turkey

Fundamental parameters of LIBS plasmas
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3.2 Reduction of Instrument Size
In the late 1970s, at LANL (Los Alamos National Laboratory), Radziemski and Cremers conducted
a study on application of LIBS to nuclear industry [19]. For example, LIBS instrument, developed by
U.S. DOE (department of energy) in 1986, was applied to monitoring concentration of Be captured in
filter at nuclear weapons production facility, Rocky Flats Plant (Figure 5) [3].

Figure 5. Prototype Be monitor based on LIBS [3].

Improvements in laser, computer, and spectrometer, in 1990s, contributed to reduction of LIBS
instrument size. Small size laser enabled development of portable probe. Small size spectrometer timeresolved detection of portable LIBS instrument. Especially, echelle spectrometer could be miniaturized
as well as conventional Czerny-Turner spectrometer, which meant analysis of large spectrum range
would be possible in real time. Thanks to the progress, in 1995, LIBS instrument with suitcase size was
manufactured for analysis of surface contamination and bulk materials in U.S. Navy (Figure 6) [5].
Also, in 1995, LANL developed transportable LIBS system TRACER, and analyzed over 1,000
contaminated soil samples in field within 1 min for each sample (Figure 7) [6]. Russia also developed
and evaluated transportable LIBS instrument for similar purpose (Figure 8) [3].
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Figure 6. The portable LIBS surface analyzer [5].

Figure 7. Schematic diagram of the TRACER instrument [6].
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Figure 8. Russian built LIBS instrument [3].

In 2014, CNSC (Canadian Nuclear Safety Commission) developed hand-held LIBS instrument
(Figure 9), anticipating for it to be potential in-field nuclear safeguards and forensics equipment. The
portable LIBS system, currently only available to IAEA, analyzed 74 yellow cake samples from various
origins and 7 non-radioactive signatures in the world. As shown in Figure 10 [49], it was possible for
the system to identify all non-radioactive signatures and origins of yellow cake type such as UO2, UO4,
U3O8, and Na2U2O7. In case of pelletized samples, performance was better than powder samples. CNSC
is now preparing to minimize the size of analyzer by using tablet technology [7].

Figure 9. Portable LIBS system of CNSC [7].
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Figure 10. LIBS test sample of yellow cake normalized class membership probability against three
reference characterizations for each location of 9 origins [49].
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3.3 Remote Detection and Analysis
In 1992, LANL demonstrated investigation technology of geological sample at a long distance in
atmosphere [8]. To explore Mars, LANL analyzed the samples at 19m distance in condition like Mars
(7 Torr CO2) [9]. Since then, sponsored by NASA (National Aeronautics and Space Administration),
the technique is verified in the Nevada desert, and LIBS-based remote analysis system was suggested
(Figure 11) [10]. The instrument, ChemCam, obtained first LIBS spectrum in Mars in 2012 [11].

Figure 11. Layout of the LIBS instrument on the K9 rover [10].
15

In 1999, Applied Photonics Ltd. Developed LIBS system coupled with optic fibers, and analyzed
metal compositions of pressurizer in AGR (advanced gas reactor) at a long range [12]. Examples of
various LIBS detection system designs, developed by Applied Photonics Ltd., are shown in Figure 12
[3].

Figure 12. Examples of LIBS detection system designs developed by Applied Photonics Ltd. [3].

In 2004, international joint project, Teramobile, demonstrated that femtosecond-terawatt LIBS
system can form plasma of metal at 90m distance [13]. In 2005, the Teramobile system succeeded to
measure Al target at 180m distance [14]. There were also attempts to detect explosives, and nuclear or
radiological threat by using remote LIBS system, which directly hinted possibility of nuclear forensics
application. In 2006, University of Málaga detected and analyzed explosive residues at 45m distance
[17]. The university, in 2009, established stand-off LIBS system, which uses dual pulse laser and can
analyze target up to 200m distance [15]. The schematic diagrams of remote LIBS systems are shown in
Figures 13 and 14. Both systems used telescopes for focusing laser on target and receiving LIBS signal.
In case of University of Málaga design, one telescope can meet a dual role.
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Figure 13. Schematic diagram of Teramobile LIBS system [50].

Figure 14. Schematic diagram of standoff LIBS apparatus [16].
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Gaona et al. at University of Málaga, in 2014, conducted study to detect threat of radiological
terrorism in remote distance, and to find evidences on site [16]. Q-switched 1064 nm Nd:YAG twin
laser (10 Hz, 850 mJ pulse energy, 5.5 ns pulse width) was used at 30m distance. Delay time and beam
diameter were set as 600 ns and 1500 µm, respectively. 88Sr, 130Ba, 133Cs, 193Ir, and 238U were selected
as surrogate samples for radioactive sources of RDD. The samples were encountered on surface of
different urban materials, including Al, glass, mortar, and clay. Especially, the samples of hydrated salts
(Co(NO3)2·6H2O, SrCl2·6H2O, UO2(CH3COO)2·2H2O, and IrBr3·xH2O) or inorganic compounds
(BaSO4 and Cs2CO3) were used. Surface concentration of each element ranged from 0.5 to 2.0 mg/cm2.
Figure 15 shows standoff LIBS spectra of each blank substrate. Al showed relatively simple spectra,
consisting of two representative peaks and AlO radical band. Glass showed nearly no characteristic
spectra due to low laser absorption rate, which means that there would be no interference with surrogates.
Mortar and clay represented contrary features to glass, and showed clear spectral lines of components
Al, Ca, K, Mg. Available spectral lines of surrogates for analysis, not interfering with substrates, were
selected from the results. LIBS spectra of surrogates on Al substrate confirm that there is at least one
useful spectral line of each surrogate (Figure 16). The identification of various radical emission spectra
of elements is remarkable. For example, SrO radical emission spectra were shown in wavelength range
of 590-690 nm, rather than AlO radical emission spectra. Ba also displayed similar tendency. That’s
because the oxidation reaction of Sr and Ba are preferable to that of Al. In case of Cs and U, radical
bands (e.g., CsnOm, UO2, UO3, and U3O8) were accompanied by AlO radical band, because of similar
affinity for O. Especially, radical bands of U oxides were overlapped with AlO radical band region [16].
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Figure 15. Standoff LIBS spectra of the tested blank supports [16].

Figure 16. Standoff LIBS spectra for different residues of radioactive surrogates on aluminum [16].
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To identify sensitivity of the standoff LIBS system, LODs (limit of detections) were calculated by
using below equation [51]:

𝐿𝑂𝐷 =

0.01 ∙ 3 ∙ 𝑅𝑆𝐷𝑏𝑐𝑘𝑔𝑟𝑛𝑑 ∙ 𝐶
,
𝑆𝑛𝑒𝑡
𝑆𝑏𝑐𝑘𝑔𝑟𝑛𝑑

(3)

where 𝑅𝑆𝐷𝑏𝑐𝑘𝑔𝑟𝑛𝑑 is the relative standard deviation of the spectral background (%); 𝑆𝑛𝑒𝑡 is the
net emission intensity of the line considered; 𝑆𝑏𝑐𝑘𝑔𝑟𝑛𝑑 is the intensity of the background signal; 𝐶 is
the calculated surface concentration of analyte (mass/area). Table 7 indicates the LODs of surrogates
in standoff cases as well as close-contact cases. The reason why different LODs exist even on a same
substrate is because oxide formations may affect atomic of ionic emission spectra. Also, the formation
of Sr and Ba oxide radicals led to underestimation of LODs. Physicochemical characteristics of different
substrates resulted in different LODs of same surrogate. For example, LODs of glass were lower than
those of mortar and clay because it ablated in smaller quantity. Different signal-noise ratio of each
substrate also affected different LODs. Al formed a lot of plasma plume, and thus showed highest
sensitivity. Such tendency was supplemented with calculation of electrons density and temperature in
plasma plume. Comparing close-contact and standoff cases, they did not make no big differences,
because beam diameter was set as 450 µm in case of close-contact [16].
In addition, two potential scenarios of nuclear forensics, premediated radiological dispersion and
accidental radiological release, were assumed for additional research. For each scenario, forensic
evidences were identified by detecting radioactive materials. In first scenario, for example, TNT
(trinitrotoluene) residues [52] were assumed to be mixed with radioactive sources on Al substrate after
detonation. Here, Al was used for simulant for a container of radioactive sources. Mixture concentration
of radioactive sources were set as 0, 25, 50, 75, and 100 wt%. 2D chemical mapping showed that the
standoff LIBS can find radioactive material positively. Similar results were obtained in second scenario
[16].
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Table 7. LIBS LODs of radioactive surrogates when encountered on surfaces of different common urban materials [16].
LOD (µg cm-2)
Surrogate

Emission line

isotope

(nm)

Al
Closecontact

a

Glass
Standoff

Closecontact

Mortar
Standoff

Closecontact

Clay

Standoff

Closecontact

Standoff

Co-59

412.13 (I)

25

25

105

133

155

127

300

230

Sr-88

707.01 (I)

13

17

75

86

125

153

140

193

Ba-130

649.69 (II)

2

2

25

12

23

27

8

9

Cs-133

697.33 (I)

15

7

190

48

1050

307

750

440

Ir-193

439.95 (I)

20

11

50

20

280a

107 a

225a

120a

U-238

591.54 (I)

30

21

80

69

150

167

320

250

Limits of detection have been calculated from depositions of Ir salt in solid form due to the matrix induced effects when the aqueous solutions were used.
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3.4 Analysis in Liquid Matrix
The first LIBS analysis in liquid matrix was investigated and demonstrated by Cremers et al. in 1984
[18]. They concluded, however that perturbation of spark characteristics resulted in increased noise,
forming gas bubbles at the laser-water interface. In 2004, Giacomo et al. used double pulse laser to
produce plasma on metallic target in seawater [21]. Thanks to usage of dual-pulse, the plasma was
confined by water vapor inside bubble, and led to higher excitation temperature. Guirado et al. at
University of Málaga, in 2012, developed and tested remote LIBS instrument underwater [19]. They
used gas purge to remove water from interface between sample surface and probe, improving the
ablation efficiency. Also, the purge prevented the probe from admittance of water. The instrument
obtained archeological bronze spectra in 30m depth, as shown in Figure 17 [19].

Figure 17. The diver working at a 30 meter depth [19].

In 2009, Mississippi State University used LIBS technique to control and monitor radioactive wastes
[20, 22]. They analyzed of slurry sample generated from vitrification of liquid radioactive waste in real
time. They manufactured input samples, simulating slurry in SRAT (sludge receipt and adjustment tank),
composed of 78.2% H2O, 5.8% Fe2O3, 2.6% Al2O3, 3.6% Na2O, and minor oxides of C, Si, Cr, and Mg.
The input samples were acidized up to pH 6 by strong nitric acid during vitrification process, and glass
powder of 70% SiO2, 12% B2O3, 11% Na2O, 5% Li2O, 2% MgO was added to the slurry. The mixture
was put into glass melter, and target samples were prepared. Nd:YAG laser having 532nm wavelength
and 70 - 110 mJ pulse energy was used for experiment.
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Figure 18 shows calibration curve of varying amount of Fe2O3 and Na2CO3 after selecting
characteristic wavelengths. Normalized intensity of emission spectra was also included in the figure
and compared. They identified that the normalized intensity can be appropriately applied to calibration
process, improving precise correlations.

Figure 18. Calibration curves for Fe I 387.857nm line (top) and Na I 330.2 nm doublet line (bottom)
[22].
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3.5 Isotopes Analysis
In 1998, Pietsch et al., at French CEA (Commissariat à l'énergie atomique et aux énergies
alternatives), predicted isotopic composition of

235

U and 238U [23], by using LIBS under low vacuum

pressure condition, to minimize the Stark broadening and the Doppler broadening effects. They used
XeCl laser with pulse energy of 400 mJ and wavelength of 308 nm. Gate delay and gate width were set
as 0-500 ns and 75 ns, respectively. They selected 424.437 nm, which is U(II) transition spectral line,
to detect isotopic shift of 25 pm. In case of 93.5% 235U and 5.3% 238U sample, well resolved spectral
lines were measured (Figure 19). In order to separate two spectral lines of 3.5% 235U, they used Gaussian
and Lorentzian spectrum deconvolution methods, and obtained Voigt profile as in Figure 19. They
achieved a relative precision in the range of 5% for 3.5% 235U.

Figure 19. Spectrum of enriched uranium (93.5% 235U, 5.3% 238U) obtained with a single-channel
detector (left). Emission spectra of natural and 3.5% enriched U (right, top). Deconvolution of
uranium emission spectrum (3.5% 235U) for a spectral region of 424.437 nm in order to calculate the
profile corresponding to 0% 23sU (right, bottom) [23].
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In 2002, Smith et al. at LANL, obtained baseline resolution of 239Pu and 240Pu spectra by using LIBS
at low vacuum condition, which uses He as a support gas. Metal Pu and PuO2 samples were used for
measurement (Figures 20 and 21). Isotopic shift was measured about 6 pm at 594.52 nm wavelength.
They used Nd:YAG laser of 25 mJ pulse energy and 1064 nm wavelength [24].

Figure 20 LIBS spectrum of plutonium metal sample with isotope ratio 93/6 [24].

Figure 21 LIBS spectrum of plutonium oxide sample with isotope ratio 49/51 [24].
In 2006, Kurniawan et al. obtained baseline resolution of 1H and 2H spectra in H2O and D2O mixtures
by using LIBS at atmospheric pressure condition, hosted by He gas [25]. In the same year, by using
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LIBS, D'Ulivo et al. determined isotopic ratio of 1H and 2H in gas reaction products of inorganic
compounds [26]. They identified that Stark broadening of Hα spectral line was likely to restrict applying
Lorentzian deconvolution method to molal concentration ratio of 1H:2H in the range of 0.5 – 1.
In 2011, Doucet et al. predicted isotopic compositions of 235U / 238U and 1H / 2H for nuclear forensics,
by using LIBS at atmospheric pressure condition in air [27]. Because Stark broadening and Doppler
broadening effects become larger in air, they used PLS (partial least squares) regression method rather
than baseline resolution. Known spectra of U, enriched to 0.7%, 3%, 20%, 93%

235

U, were used for

standard of PLS regression method. Each U sample was shot 100 times by pulse laser beam of 100 mJ
energy and 300 µm diameter, and repeated 3 times. In case of H, 240 mJ pulse energy beam was used
because the mixtures of D2O and H2O are liquid phase. They optimized delay and exposure time, and
the prediction results of PLS analysis corresponded to prepared samples concentration.
In 2012, Cremers et al. conducted research on the application of person-portable LIBS probe (Figure
22), to monitor nuclear, radiological, and explosives threats in the view of nuclear forensics [28]. They
calculated isotopic compositions of 1H / 2H, 6Li / 7Li, and 235U / 238U in air, by using laser of 14 mJ pulse
energy coupled to high resolution spectrometer. They predicted that they can also separate isotopic shift
of 239Pu / 240Pu (13 pm).
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Figure 22. (a) Person-portable LIBS backpack instrument. (b) P1C probe used here showing sampling
geometry with respect to a Y-12 glass sample located in a sealed Petri dish (S). L = 61 mm fl lens; M
= monitor; H = handle; F = fiber optic to spectrometer; U = umbilical cable to backpack. (c) Diagram
of the optical layout of the probe.
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3.6 New Isotopes Analysis Technique: LAMIS
Russo et al. at LBNL (Lawrence Berkeley National Laboratory), modified and improved LIBS
technique. In 2011, they suggested new technique, LAMIS, capable of analyzing isotopes in normal air
condition [29]. The technique uses emission spectra of molecules or radicals, which are formed by
associated mechanism of atoms and ions. Because the isotopic shift of molecular spectrum is much
larger than that of atom spectrum, isotopes of an element with intermediate atomic weight can be
analyzed. For various elements, as shown in Figure 23, isotopic shifts of diatomic oxides and diatomic
fluorides spectra are greater than those of atomic spectra up to three orders. The values were calculated
by using molecular constant at specific vibration band [53] in Table 8.

Figure 23. Molecular vs. atomic isotopic shifts for various elements [29], taken from Stern and
Snavely [53].
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Table 8. Molecular isotope shifts calculated using molecular constants [29].
Diatomic oxide

Diatomic fluoride

shift (cm-1)

shift (cm-1)

(0-2)

113.505

79.344

O-16, O-18

(0-2)

193.480

-

Mg

Mg-24, Mg-26

(1-0)

25.382

22.861

Cl

Cl-35, Cl-37

(0-2)

21.013

29.030

K

K-39, K-41

(0-1)

1.413

-

Sr

Sr-86, Sr-88

(0-1)

2.520

1.050

Zr

Zr-90, Zr-94

(0-1)

3.291

-

Ru

Ru-102, Ru-104

(0-1)

2.300

-

Sn

Sn-116, Sn-120

(0-2)

7.004

-

Xe

Xe-129, Xe-132

(0-1)

-

0.362

Ba

Ba-137, Ba-138

(0-1)

0.588

0.363

Ce

Ce-140, Ce-142

(0-1)

2.367

-

Eu

Eu-151, Eu-153

(1-0)

0.834

-

W

W-182, W-184

(0-1)

0.959

-

Pt

Pt-194, Pt-195

(0-1)

0.346

-

Pb

Pb-206, Pb-208

(0-1)

0.285

0.380

U

U-235, U-238

(1-0)

0.657

-

Element

Isotope pair

Vibration band

B

B-10, B-11

O

In case of Sr, isotopic shift of 86Sr and 88Sr (0.25 pm) is much smaller than that of U (25 pm), and
thus common LIBS technique cannot identify the shift in normal condition. Mao et al. at LBNL, in
2011, analyzed isotopic composition of Sr by adopting LAMIS in normal air condition [30]. They used
1064nm Nd:YAG laser with pulse width of 4 ns, pulse energy of 50-100 mJ, and beam diameter of 100
µm. SrCO3 and Sr halides (SrF2, SrCl2, and SrBr2) were selected as samples, to verify whether various
diatomic radical spectrum can be useful for LAMIS or not. In case of SrCO3, 4 samples (natural SrCO3,
88

SrCO3, 87SrCO3, and 86SrCO3) were prepared. The other halides samples were with natural abundance.

All samples were mixed and bound with 10% paraffin, pressed at 7t, and pelletized.
SrO is the powerful radical spectrum emitter. The theoretical emission spectra of gaseous
87

SrO, and

88

SrO,

SrO in A1Σ+→X1Σ+ band system [54, 55], were compared with experimental data.

86

Especially, because SrO radical have similar electron structure with CaO, and spectra were also
measured similarly even in orange band (590-620 nm) [30, 56]. After measuring SrO radical spectra of
SrCO3 with varying delay time from 0.26 µs to 30 µs, it was found that the radical spectrum was
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prominently identified by delay time longer than 6 µs. The intensity of atomic spectral lines (e.g., 407.8,
421.6, 430.5nm) and continuum spectra reduced to several orders, compared to that with 0.26 µs delay
time (Figure 24).

Figure 24. The emission spectra from ablation of the SrCO3 sample at different delay times on a semilogarithmic scale [30].

Such SrO radical is likely to come from intact molecule directly, or combination with O after
evaporation of Sr element [30]. The isotopes composition of each sample could be found by quantitative
calibration of measured radical spectra of samples. Using

88

SrCO3,

87

SrCO3, and

86

SrCO3 samples

ablated, SrCO3 with natural abundance was obtained mathematically. The spectra were normalized by
maximum intensity of band head. The isotopic shift of 88Sr and 86Sr spectra in (1,0) and (2,0) bands
corresponded to calculated value (80 pm and 150 pm, respectively). In addition, Mao et al. simulated
radical spectra of

90

SrO,

88

SrO,

87

SrO,

86

SrO,

85

SrO, and

84

SrO in (2,0) and (1,0) bands, based on

Herzberg's molecular spectrum system [57] and molecular constants [58]. It was assumed that LTE is
obtained at 3,000K after long delay time. The results of the simulation model (Figure 25) were
acceptable, compared to experimental data (Figure 26).
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Figure 25. Simulated emission spectra of the (2,0) band of the A→X system for 90SrO, 88SrO, 87SrO,
86

SrO, 85SrO and 84SrO [30].

Figure 26. Experimental emission spectra of the (2,0) band of the A→X system of SrO measured from
enriched 88SrCO3, 87SrCO3 and 86SrCO3 samples [30].
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After calibrating spectra of reference samples, unknown samples were analyzed by the PLS
regression method. Rather than averaging or accumulating intensities, 100 separate spectrum data were
recorded for calibration, because the method showed more accurate and reliable results. Isotopic
composition of natural SrCO3, predicted by empirical way, was well matched to the real composition.
The same processes as abovementioned experiments were conducted for SrF, SrCl, SrBr, and SrI
(Figure 27). The results also represented acceptable application of LAMIS.

Figure 27. Spectra of diatomic molecules obtained from ablation of SrCO3, SrF2, SrCl2, SrBr2, and
SrI2 samples [30].
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The literature review in Section 3 implies that LIBS can be hand-portable size, identify over 1,000
samples in real time less than 1 min, analyze samples from very long distance up to 200m, analyze
samples in water up to 30m depth, identify isotopic composition of all elements in normal air condition
by using conventional LIBS or LAMIS techniques. Therefore, it is undeniable that LIBS can be well
applied to extreme conditions by using a portable probe coupled to telescopes or optic fibers, where a
person access to incident site is nearly impossible due to high radiation dose. In Sections 4 and 5,
specific and realistic post-detonation conditions are defined by developing theft scenarios, and we
evaluated whether LIBS analysis on small quantities of samples provides effective forensic evidences
quantitatively in field, even with substrates and other impurities.
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IV. Material Selection: Theft Scenarios of Radioactive Materials
From the Sections 2 and 3, we checked that LIBS can be used to profile elemental and isotopic ratios
of nuclear and radioactive materials for on-site nuclear forensics. In Section 4, we suggested theft
scenario of radioactive materials to select target materials for the LIBS analysis. Specifically, we
analyzed pathway of the materials until disposal (Section 4.1), surveyed historical cases of theft
attempts and incidents (Section 4.2), and evaluated theft possibilities of the materials (Section 4.3).
Considering above things, in Section 4.4, target materials were finally selected. We focused on materials
for RDDs source rather than NEDs source, because it is easier and more realistic for terrorists to acquire
radioactive material than nuclear material.
ANL (Argonne National Laboratory) suggested 9 attractive isotopes of interest for RDDs, based on
not only portability of the isotopes, but the level of radioactivity they emit. [59]. The isotopes are 241Am,
252

Cf,

137

Cs,

60

Co,

192

Ir,

238

Pu,

210

Po,

226

Ra, and

90

Sr. Radiological properties of those isotopes are

90

summarized in Table 9. Among those isotopes, Sr is the only isotope that emits purely beta-ray, which
can never be detected by gamma-ray spectrometer. Therefore, we selected 90Sr as target isotope, and
investigated how it can be in different forms of materials, in addition to their possibility of theft.

Table 9. Basic radiological properties of 9 key radionuclides for RDDs [59].
Isotope

Half-life
(yr)

Specific
activity
(Ci/g)

Radiation Energy (MeV)

Decay
mode

α

β

γ

Am-241

430

3.5

α

5.5

0.052

0.033

Cf-252

2.6

540

α (SF, EC)

5.9

0.0056

0.0012

Cs-137

30

88

β, IT

-

0.19, 0.065

0.60

Co-60

5.3

1,100

β

-

0.097

2.5

Ir-192

0.2

9,200

β, EC

-

0.22

0.82

Pu-238

88

17

α

5.5

0.011

0.0018

Po-210

0.4

4,500

α

5.3

-

-

Ra-226

1,600

1.0

α

4.8

0.0036

0.0067

Sr-90

29

140

β

-

0.20, 0.94

-

SF = spontaneous fission; IT = isomeric transition; EC = electron capture. A hyphen means not
applicable. The radiation energies for Cs-137 include the contributions of Ba-137m, and those for Sr90 include the contributions of Y-90.
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4.1 Pathway Analysis until Disposal
The isotope 90Sr is generated and recovered from nuclear reactors in the form of spent nuclear fuel
[60]. During PUREX (plutonium uranium extraction) process, from HLW tank, Sr can be extracted or
vitrified. To reduce the temperature of the waste tanks in Hanford site, in the early 1970s, extracted Sr
was solidified in the form of SrF2 and doubly-encapsulated in WESF (waste encapsulation and storage
facility), as shown in Figure 28 [61]. The inner and outer capsules consist of Hastelloy C-276 and Type
316L SS (stainless steel). Standard outer capsule has dimensions of 6.67 cm diameter and 51.05 cm
length. As of 1995, 601 Sr capsules are stored in WESF [62]. In 1990s, to reduce disposal costs of
overpacked capsules, alternative options for SrF2 were considered [63]. One option suggested that SrF2
salts would be removed from capsules at WESF and vitrified together at HWVP (Hanford waste
vitrification plant). Also, in 1986 and 1987, 34 canisters of radioactive borosilicate glass were produced
at Hanford site [64]. The borosilicate canisters only contained 90Sr and 137Cs. It means that Sr can be in
the form of Sr-borosilicate with high concentration.

Figure 28. SrF2 waste capsule [61].

Another option for

90

Sr is to fabricate it into commercial heat sources, RTGs (radioisotope

thermoelectric generators), after extraction. RTGs can be used for power sources in satellites, space
probes, and unmanned remote facilities (e.g., lighthouses). They are usually in the chemical form of
SrTiO3. The other types of 90Sr RTGs are SrF2 [65] and Sr-borosilicate [66]. Typical RTG design is
shown in Figure 29, and possible Sr fuel forms and their properties are listed in Table 10 [60]. In U.S.,
ORNL (Oak Ridge National Laboratory), Hanford Atomic Products Operation, and Martin Company
manufactured more than 100 90Sr RTGs [65]. Also, Mayak PA in Russia, produced 1,082 90Sr RTGs
from 1980 to 1992 [66].
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Figure 29. Beta-M type RTG (Source: Telgen).

Table 10. Sr fuel compounds [60].
Compounds

Molecular
weight

Metal wt%

Density
3

(g/cm )

Specific

Power

power

density

(W/g)

3

(W/cm )

Sr

87.62

100

2.6

0.536

1.39

SrO

103.62

84.56

4.70

0.453

2.13

SrF2

125.62

69.75

4.24

0.374

1.59

SrTiO3

183.52

47.74

5.12

0.256

1.31

SrB6

152.49

57.46

3.42

0.308

1.05

SrC2

111.64

78.48

3.26

0.421

1.37

SrSi2

143.79

60.94

3.20

0.327

1.05

SrSi

115.71

75.75

3.47

0.406

1.41
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Melting
point (oC)

2430

4.2 Historical Cases: Theft Attempts and Incidents
As of December 2015, a total of 2889 confirmed incidents of nuclear or radioactive materials were
reported to IAEA [67]. A lot of cases involved radioactive material other than nuclear material.
Especially, it is remarkable that there were many incident cases of 90Sr RTGs in Russia [68], where
RTGs are used in lighthouses. In 1999, for example, a RTG was found at a bus stop in Leningrad, which
had been ravaged by non-ferrous metal thieves. In 2001, four people were sent to hospital, due to its
high radiation dose level, after attempting to dismantle the lighthouse in Murmansk region. In 2003, an
intact RTG core was found at depth of about 1m, near the shore in the Gulf of Finland. About 500 kg
of S.S., Al, and Pb shielding had been removed. At the same year, it was discovered that there had been
an attempted theft of RTG at a lighthouse in Golets, breaking enclosure. It was also discovered that the
RTG in Kola Bay Olenia bay had been dismantled and stolen. Sources were left nearby. Table 11 shows
RTG incident cases and locations from 1978 to 2004 in Soviet and Russia [69].
Table 11. Location of RTG theft attempts and incidents in Soviet and Russia [69].
Year

Location

1978

Pulkovo Airport, Leningrad

1983

Cape Nutevgi, Chukotka Autonomous District

1987

Cape Nizky, Sakhalin region

1997

Dushanbe, Tajikistan

1997

Cape of Maria, Sakhalin region

1998

Port of Korsakov, Sakhalin region

1999

Leningrad region.

2000

Cape Malaya Baranikha, Chukotka Autonomous District

2001

Kandalaksha Bay, Murmansk region

2002

West Georgia

2003

Cape Pihlissar, near Kurgolovo, Leningrad region

2003

Golets Island in the White Sea

2003

Kola Bay: Oleniya Bay and Yuzhny Goryachinsky Island

2004

Valentin village, Lazovsky region of Primorsky Krai

2004

Norilsk, Krasnoyarsk Region

2004

Cape of Navarin, Chukotka AR

2004

Island Zemlya Bunge, Novosiberian islands, Yakutia
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4.3 Evaluation of Theft Possibility from Nuclear Facilities and Devices
The physical protection is required to ensure that nuclear and radioactive materials are not stolen by
terrorists. The physical protection level for nuclear facilities or devices is determined by attractiveness
or categories of the materials to terrorists. Therefore, in Section 4.3, we evaluate that the physical
protection is sufficiently achieved and how high theft possibility would be, during the investigated
pathway of radioactive materials in Section 4.2, from production, storage, and disposal of the materials.
Especially, we divided scenarios into three parts, reprocessing and interim storage facility in Section
4.3.1, dismantling and production facility in Section 4.3.2, and industrial devices in Section 4.3.3.

4.3.1 Reprocessing and Interim Storage Facility
Reprocessing and interim storage facility stores spent nuclear fuels or high-level wastes before
extraction of 90Sr. There are many reprocessing methods suggested, including PUREX, UREX (uranium
extraction), and pyroprocessing. Previous studies on PUREX and UREX verify that those facilities
should be physically protected by highest level [70], which means that it is hard for terrorists to steal
any material, due to existence of Pu produced during reprocessing. Pyroprocessing, however, does not
separate Pu with the other transuranic elements, and thus regulation on such facility may differ. The
problem is that pyroprocessing was only tested for research purpose, and does not have nearly no
experiences to be evaluated by industrial size. Because some countries (e.g., South Korea) have
considered pyroprocessing as future reprocessing technology, it would be valuable to check whether
the theft of radioactive material is easy or not in the facility, depending on various categorization
methods.
Our previous research was referred for evaluation of pyroprocessing [71]. Five different methods (i.e.,
INFCIRC/225 [72], U.S. NRC’s newly proposed rulemaking [73], U.S. DOE’s GST (graded safeguards
table) [74], Bunn’s approach [75], and LANL’s FOM1 [76]) were adopted for evaluation. Table 12
compares the above methods by seven effective factors. Tables 13 - 19 are the categorization methods
except FOM1. The FOM1 value is calculated as below:
1

𝑀
𝑀ℎ
𝑀 𝐷 log10 2
𝐹𝑂𝑀1 = 1 − log10 (
+
+ [
),
]
800 4500 50 500

(4)

where 𝑀 is the bare critical mass (kg); ℎ is the heat content (W/kg); 𝐷 is the radiation dose rate of
0.2 ⋅ 𝑀 at 1m (rad/h). The meaning of the FOM mapped to GST is shown in Table 20.
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Table 12. Comparative analysis of various security regulations of nuclear materials [71].
INFCIRC/225a

U.S. NRC

U.S. NRC

(current)

(proposed)

U.S. DOE

Bunn

FOM
Continuous value /

Attractiveness level

Not considered

Not considered

A-C

A-E

A-H

Category

I-III

I-III

I-III

I-IV

I-IIIb

Not considered

Discount factor

Not considered

Not considered

Not considered

B-C

A-H / I-III

Not considered

Physical barriers

Not considered

Indirectly consideredc

Considered

Considered

Considered

Not considered

Chemical barriers

Not considered

Not considered

Not considered

Considered

Considered

Not considered

Isotopic barriers

Considered

Considered

Considered

Considered

Considered

Considered

100 rad/h

100 rad/h

1,000 rad/h

Not specified

Radiological barriers (at
1m)
a

CPPNM adopts the latest revision of INFCIRC/225.

b

In Bunn’s approach, Category I is divided into subcategories IA, IB, and IC.

c

The current U.S. NRC categorization method considers dilution only in the case of exempt MOX fuel.
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20-10,000 rad/h
(three levels)

B-E

Continuous measure

Table 13. INFCIRC/225 categorization of nuclear material [72].
Category
Material
Pu

Form
I

II

III

Un-irradiated (≤80% Pu-238)

≥2kg

>500g, <2kg

>15g, ≤500g

Un-irradiated (≥20% U-235)

≥5kg

>1kg, <5kg

>15g, ≤1kg

N/A

≥10kg

>1kg, <10kg

N/A

N/A

≥10kg

≥2kg

>500g, <2kg

>15g, ≤500g

Un-irradiated
U-235

(≥10% and <20% U-235)
Un-irradiated (enriched above
natural U but <10% U-235)

U-233

Un-irradiated

Table 14. Proposed categorization of U-235-containing material to U.S. NRC [73].
U-235

Category

Attractiveness
level

I

II

≥Reportable

High-grade materials
[Metals and compounds (≥20wt%);

A

≥5kg

≥1kg, <5kg

solutions (≥25g/L)]

<20wt%); solutions (≥1g/L and

quantity,
<1kg

Low-grade materials
[Metals and compounds (≥1wt% and

III

≥Reportable
B

N/A

≥25kga

quantity,
<25kga

<25g/L)]
All other materials
[U (<10% U-235); highly irradiated
material (≥1000 rad/h at 1 m); metals

C

and compounds (<1wt%); solutions
(<1g/L)]
a

Exact quantity is not determined yet.
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N/A

N/A

≥Reportable
quantity

Table 15. Proposed categorization of Pu/U-233-containing material to U.S. NRC [73].
Category

Attractiveness

Pu / U-233

level

I

High-grade materials
[Metals and compounds (≥20wt%);

A

≥2kg

II
≥0.4kg,
<2kg

solutions (≥25g/L)]
Low-grade materials
[Metals and compounds (≥1wt% and
<20wt%); solutions (≥1g/L and

III
≥Reportable
quantity,
<0.4kg
≥Reportable

B

N/A

≥10kga

quantity,
<10kga

<25g/L); Pu (≥80% Pu-238)]
All other materials
[U (<6% U-233); highly irradiated
material (≥1000 rad/h at 1 m); metals

C

N/A

N/A

and compounds (<1wt%); solutions

≥Reportable
quantity

(<1g/L)]
a

Exact quantity is not determined yet.
Table 16. U.S. DOE attractiveness levels of nuclear material [74].
Type

Attractiveness level

Weapons
[Assembled weapons and test devices]

A

Pure products
[Pits, major components, button ingots, recastable metal, directly

B

convertible materials]
High-grade materials
[Carbides, oxides, nitrates, solutions (≥25g/L) etc.; fuel elements and

C

assemblies; alloys and mixtures; UF4 or UF6 (≥50% enriched)]
Low-grade materials
[Solutions (1 to 25g/L), process residues requiring extensive reprocessing;

D

Pu-238 (except waste); UF4 or UF6 (≥20% <50% enriched)]
All other materials
[Highly irradiated forms, solutions (<1g/L), compounds; U containing
<20% U-235 or <10% U-233 (any form, any quantity)]
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E

Table 17. U.S. DOE nuclear material categorization [graded safeguards table] [74].
Category
Attractiveness
level

A

Contained U-235 / Separated Np-237

Pu/U-233

/ Separated Am-241 and Am-243

I

II

III

IV

I

II

III

IV

All

N/A

N/A

N/A

All

N/A

N/A

N/A

≥Reportable
B

C

D

≥2kg

≥6 kg

N/A

≥0.4 kg, <2 kg

≥2 kg, <6 kg

≥16 kg

≥0.2 kg, <0.4 kg

≥0.4 kg, <2 kg

≥3 kg, <16 kg

quantity,

≥Reportable
≥5 kg

≥1 kg, <5 kg

≥0.4 kg, <1 kg

<0.2 kg

<0.4 kg

≥Reportable

≥Reportable

quantity,

≥20 kg

≥6 kg, <20 kg

≥2 kg, <6 kg

N/A

N/A

N/A

quantity,

<0.4 kg

<2 kg

≥Reportable

≥Reportable

quantity,

N/A

≥50 kg

≥8 kg, <50 kg

<3 kg
E

quantity,

≥Reportable
quantity
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quantity,
<8 kg

N/A

N/A

N/A

≥Reportable
quantity

Table 18. Bunn’s nuclear material categorization proposed in 2014 [75].
Category
Material
IA
IB
IC
II
Pu / U-233

a

≥15kg
(U-233 only)

≥6kg

≥2kg

U-235 in HEU

≥50eff.kga

≥18eff.kg

≥5eff.kg

Discount factor

1.0

0.6

0.4

III

≥500g, <2kg

≥15g, <500g

≥1eff.kg,

≥15eff.g,

<5eff.kg

<1eff.kg

0.2

0.1

Effective kilograms is defined as the number of kilograms of highly enriched U (HEU) multiplied by

the square of the enrichment ratio [77].

Table 19. Bunn’s attractiveness levels and discount factors proposed in 2014 [75].
Discount
Attractiveness level
Material type
factor
A: Weapons and gun-type bomb
materials

Weapons, ≥ 50 eff.kg HEU metal (>40%)

1.0

Pu metal,
B: Implosion-type bomb materials

<50 eff.kg HEU metal (>40%),

0.6

HEU metal (≤40%)
C: Compounds and mixes
(not requiring chemical separation)

D: Compounds and mixes
(requiring chemical separation)

other direct-use compounds,

0.8

alloys and mixtures
Alloys and mixes requiring
chemical separation;

0.5

fuel elements and assemblies; solutions

E: Reactor-grade Pu

Pu containing >7% Pu-240

0.8

F: Lightly irradiated material

Emitting ~20-400 rad/h at 1 m

0.8

Emitting ~400 to 3,000-10,000a rad/h at 1 m

0.2

Emitting >3,000-10,000 rad/h at 1 m

0.001

G: Irradiated material
(requiring remote handling)
H: Highly irradiated material
imposing disabling doses during theft
a

Oxides, carbides, nitrates,

Exact quantity is not determined yet.
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Table 20. FOM mapped to U.S. DOE attractiveness level [61].
Attractiveness level of

FOM

Weapons utility

Attractiveness

>2

Preferred

High

~B

1-2

Attractive

Medium

~C

0-1

Unattractive

Low

~D

<0

Unattractive

Very low

~E

U.S. DOE

When categorizing, we selected five target materials that include meaningful quantity of actinides
during process. Figure 30 displays the five targets, including spent nuclear fuel, the input of electrolytic
reduction, the output of electrolytic reduction, U ingots, and TRU (transuranic) ingots. Here, several
assumptions [78] were made for estimating the total burnup history of spent nuclear fuel: APR-1400,
which is PWR; 16×16 PLUS-7 fuel assemblies with 4.5wt% 235U; 55 GWd/MTU for 3-batch cycles (18
months/cycle) with 93% capacity; 10 years cooling time. Table 21 describes the following mass of
target after 10 yr of cooling. The results of categories and attractiveness are in Tables 22 and 23,
showing that TRU ingots are classified into Category I by all methods, while several inconsistencies of
categorization methods were found. For all reprocessing facility, therefore, theft of 90Sr for RDD is not
unrealistic because highest physical protection system should be adopted.
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Figure 30. Five target components of the pyroprocessing analysis [71].

Table 21. Mass of target item after 10 years of cooling [71, 79, 80].
Unit mass (kg)
Target
Total

Amount of U

Amount of Pu

Spent fuel

655

400.60

5.02

Electrolytic reduction (input)

50

41.64

0.52

Electrolytic reduction (output)

50

48.36

0.61

U ingot

6

6

0

TRU ingot

6

1.12

3.35
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Table 22. Attractiveness level results when applied to pyroprocessing [71].
U.S. NRC

U.S. DOE

FOM1

Bunn (2014)

A-C

A-E

Value (B-Ea)

A-Hb

Spent fuel

B

D

-∞ (E)

D/E/G

Electrolytic reduction (input)

B

D

-∞ (E)

D/E

Electrolytic reduction (output)

B

D

-∞ (E)

D/E

U ingot

C

E

-∞ (E)

-

TRU ingot

A

B

~1.5 (C)

C/E

Target

a

(proposed)

Bunn’s approach classifies nuclear material into multiple attractiveness levels at one time.

Table 23. Categorization results when applied to pyroprocessing [71].
Categorization
Target

a

INFCIRC/225

U.S. NRC
(proposed)

U.S. DOE

Bunn (2014)

I-III

I-III

I-IV

I-IIIa

Spent fuel

II

III

II

IC

Electrolytic reduction (input)

III

II

II

II

Electrolytic reduction (output)

II

II

II

II

U ingot

-

III

IV

-

TRU ingot

I

I

I

IC

In Bunn’s approach, Category I is divided into subcategories IA, IB, and IC.
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4.3.2 Dismantling and Production Facility
For dismantling and production facility, relatively lower physical protection level is needed,
compared to reprocessing facility, because it does not contain direct nuclear material, but only extracted
radioisotopes. Rather, based on security measures of radioactive sources by using same categorization
method in Table 2, different security group is suggested by IAEA in graded approach [81], as indicated
in Table 24. Because the facility deals with 90Sr having high radioactive dose rate, Security group A is
adopted. Thanks to timely detection and acquisition delay, the theft possibility of manufactured RTGs
will be lower than raw radioisotopes or intermediate products. Considering that processing step of a
90

Sr RTG [82], in Figure 31, SrCO3 or SrTiO3 can be stolen before completing the RTG. In addition,

malicious threat may occur by insider in the view of safeguards. In such case, sources also can be
diverted to SrCO3 or SrTiO3.

Table 24. Summary of security group performance objectives [81].
Security group A
Category 1

Security group B
Category 2

Category 3

Security group C

Security group D

Category 4

Category 5

Safe management and protect as an asset
Deter unauthorized access
Timely detection of unauthorized access
Timely detection of unauthorized acquisition
of the radioactive source

Verification of source presence at set
intervals

Delay acquisition until
response is possible
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Figure 31. Steps in processing of 90Sr fuel [82].
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4.3.3 Industrial Devices
In the generality of cases, the theft probability for this scenario will be similar with Section 4.3.2,
because RTGs are classified as Security group A. It should be noted, however, that most RTGs are
placed in unmanned lighthouses in Northwest Russia. Regulation for control and physical protection of
sources was not established and implemented in this case [68]. In addition, some RTG type can be easily
separable, as mentioned in Section 4.2. For example, intruders or public can acquire source from BetaM type RTGs, because they are not welded, but screwed together [68]. The other things to be considered
is that RTGs would likely be orphan sources after their use, as shown in Figure 32. People can access
them before management and dismantling.

Figure 32. Retired RTGs on the Kola Peninsula. Photo courtesy of Bellona.
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4.4 Material Selection
Based on historical investigation, pathway analysis and theft evaluation in Sections 4.1 - 4.3, theft
scenarios and their possibility for

90

Sr radioactive materials were established (Figure 33). After

reprocessing spent fuel, Sr is extracted and encapsulated or manufactured into RTGs in the forms of
SrTiO3 and SrF2 commonly. During fabrication of RTGs, SrCO3 is generated as intermediate product.
After RGT lifetime ends, it can be dismantled, disposed, or left orphan sources. For reprocessing and
interim storage facility, it is very hard for terrorists to achieve

90

Sr, in light of highest physical

production level of facility. In case of dismantling and production facility, theft is relatively easy, while
it is much easier for industrial devices. Therefore, the most probable forms of 90Sr for RDD source are
SrTiO3, SrF2, and SrCO3, which will be analyzed by using LIBS in Section 5.
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Figure 33. Theft scenarios of 90Sr radioactive materials.
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V. Experiment: Post-Detonation of RDDs
5.1 Experimental Methods
5.1.1 Samples Preparation
Before preparing samples, several assumptions were made. At first, RDDs, which are manufactured
by 90SrTiO3, 90SrF2, or 90SrCO3 sources, were assumed to detonate and be analyzed by LIBS in field.
When a RDD detonates, the particles can be sorted by three parts, based on their dispersal pattern.
According to experiment at the Sandia National Laboratories as shown in Figure 34, particles smaller
than 100 μm diameter interact with fireball. Such particles will become downwind fallout after
interaction [83], while ballistic fragments of 100 – 500 μm diameter are spread near the bomb site. In
this experiment, we assumed that ballistic fragments are surveyed, which occupy the largest portion
[84]. As for substrates, where radioactive materials locate, we selected three urban material, including
Al, mortar, and soil. It is because Al, mortar, and soil can be component of a RDD outer container,
pavement and building wall, and unpaved road, respectively.

Figure 34. Experiment at the Sandia National Laboratories showing a dispersal pattern of the
surrogate radioactive material [83].
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We prepared surrogates of radioactive materials, which are non-radioactive SrCO3, SrF2, and SrTiO3.
These powders were densified by pressing by 3.5 - 5t and pelletizing in a cylindrical shape. The pellets
are used for reference samples, as well as large size ballistic fragments. Mortar substrate was
manufactured in laboratory by using cement and pebbles. We prepared quite pure Al and soil (clean
loam soil from Sigma-Aldrich) substrates. Al and Mortar were cut by 3×3cm2 size with low speed saw.
After polishing them for clear SEM images, we put them into cases. In case of soil, we just put it into
cases. Four samples were prepared for each substrate. After reference samples preparation, simulated
samples were prepared. Target materials were distributed by using water. The surface concentration was
set as 1.5 mg-Sr/cm2, and 0.01 mol of powders were mixed in 10 ml water. Then, 1 ml of the mixture
were poured onto substrate and dried for a day (Figure 35). A total of 15 samples (3 material pellets, 3
blank substrates, 9 simulated samples) were prepared.

Figure 35. Photo of simulated samples.
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5.1.2 Analytical Tools
As a main analytical tool, LIBS was used to characterize samples quantitatively. 266 nm (4ω)
Nd:YAG laser was used in normal air condition. Pulse energy, gate width, gate delay, and spot diameter
were 15 mJ, 1.05 ms, 0.5 ms, and 100 μm, respectively. LIBS is based on analytical technique based on
atomic emission spectroscopy. For supplementary tools for experiment, ICP-OES, SEM/EDX, and
Raman spectroscopy were used. ICP-OES was selected to quantify elemental composition of Sr, where
the technique uses same atomic emission spectra as LIBS. SEM/EDX was selected to identify
morphology and elemental compositions of samples before and after laser shot. Raman spectroscopy
was chosen to identify molecular spectra, which can provide evidences to identify anions. Specifically,
532 nm Nd:YAG laser was used, and its continuous energy and accumulation time were set as 9 mW
and 5s, respectively.
We conducted two experiments as shown in Figure 36. First experiment was conducted to analyze
reference sample. LIBS, ICP-OES, SEM/EDX, and Raman spectroscopy were all used for analysis, and
the results for each technique were compared. We characterized LIBS spectral lines of each pellet and
substrate. In addition to the substrates, characteristic wavelengths of Y and Zr were also considered as
effects of impurities which come from decay of 90Sr, because they may affect characteristic wavelengths
of other elements. The relative quantities of 90Y and 90Zr were calculated by ORIGEN-ARP code [85],
and spectra were analyzed by using NIST atomic spectra database [86]. For differentiation of SrTiO3,
characteristic wavelengths of Sr and Ti were related quantitatively. SrF2 was characterized by its radical
band region. Then, differentiation methods for SrCO3, SrF2, and SrTiO3 were suggested.
In second experiment, simulated samples were analyzed. We standardized LIBS spectra for each
sample by shooting 100 laser beams. Also, SEM was measured after laser shot. We differentiated
materials on different substrates by using same method, suggested in the previous experiment. We
checked whether the method really works in the case of simulated samples, not interfering signal of
material. The other purpose of experiment 2 is to identify sensitivity of LIBS, calculating LODs. RSD
(relative standard deviation) was calculated for each blank (background) substrate, and SNRs (signalto-noise ratios) of simulated samples and background substrates were calculated to evaluate LODs.
Finally, systemized procedure of on-site nuclear forensics analysis was suggested based on LIBS.
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Figure 36. Flow chart of experiment.
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5.2 Results and Discussion
5.2.1 Experiment 1: Reference Samples Analysis
As mentioned above, we observed morphology and elemental compositions of blank substrates and
powders of each material by SEM/EDX. The results were shown in Figures 37 - 42. Al does not provide
meaningful information, but we can find relatively high purity of Al in Figure 37. By the EDX result of
soil in Figure 39, it is checked that the soil consists of SiO2 and Al oxides. In case of mortar, especially,
we can distinguish cement by sand visually in Figure 38. EDX result of mortar also supports the fact.
The major components are found to be Si and Ca. Because mortar is a heterogeneous substrate, having
different elemental composition for each local area, we found that statistical approach should be made
for standardization of signal.
The SEM results of powders show clear morphology for each material. That is, materials can be
differentiated with their size and morphology, providing visual evidences for nuclear forensics. SrCO3
is composed of fiber aggregate up to few micrometers in Figure 40. SrF2 consists of nanospheres and
forms amorphous pile in Figure 41. SrTiO3 shows nanospheres forming granular composite in Figure
42. Similar morphology in the other studies [87-89] supports the results.

Figure 37. SEM image of blank Al substrate.
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Figure 38. SEM/EDX result of blank mortar substrate.

Figure 39. SEM/EDX result of blank soil substrate.
57

Figure 40. SEM image of SrCO3 powder.

Figure 41. SEM image of SrF2 powder.

Figure 42. SEM image of SrTiO3 powder.
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The LIBS results of substrates show that the spectral line match well with NIST atomic spectra
database [86]. In Figure 43, spectrum of blank Al substrate, high intensity was observed due to low
ionization energy (5.99 eV). We could find almost no impurities. The characteristic wavelengths were
308.2, 309.2, 394.4, and 396.2 nm (Figure 44).

Figure 43. Spectrum of blank Al substrate.

Figure 44. Characteristic wavelengths (308.2, 309.2, 394.4, and 396.2 nm) of blank Al substrate.

In case of blank mortar substrate, we observed that the spectrum (Figure 45) has similar shape with
mortar spectrum of Gaona et al. [16]. Ca spectral lines are dominant, and CaO radical peak was also
observed. We cannot find Si peak due to fairly large ionization energy (8.2 eV). Characteristic Ca
wavelengths were 393.4 and 396.8 nm (Figure 46).
59

Figure 45. Spectrum of blank mortar substrate compared with that of Gaona et al. [16].

Figure 46. Characteristic wavelengths (393.4 and 396.8 nm) of blank mortar substrate.

The LIBS signal was very low for blank soil substrate in Figure 47, because Si is the major element
of soil. Characteristic wavelengths of soil are similar with Al, which is the major component of soil. In
addition, Na (589.0, 589.6 nm), K (766.5, 769.9 nm) peaks are observed as in Figure 48. These elements
were not even detected in SEM/EDX, which means that alkaline metals will most contribute to LIBS
intensity in common soil rather than clean soil.
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Figure 47. Spectrum of blank soil substrate compared with that of Al.

Figure 48. Characteristic Na (589.0, 589.6 nm) and K (766.5, 769.9 nm) peaks of blank soil substrate.

When predicting relative amounts of 90Y and 90Zr impurities, decay time of 0 - 10 yr, which is lifespan
of RTGs [69], was assumed before the usage as RDD sources. Because of very short half-life of 90Y (64
h) compared to 90Sr (29 yr), secular equilibrium is reached and the atomic ratio 90Y:90Sr is about 1:400.
Thus, effect of Y to Sr peaks will be negligible. In case of 90Zr, the atomic ratios are 0 – 21% at decay
time of 0 – 10 yr, which are considerable amounts. NIST atomic spectra database [86] shows that
characteristic wavelengths of Zr would be in range of smaller than 350 nm (Figure 49), which is
emission spectra of Zr (III) ion. Those would provide valuable information about production date of
90

Sr sources in real situation.
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Figure 49. Example of LIBS spectra and characteristic peaks of Zr.

SrTiO3 pellet can be differentiated by Ti peak. Because there are too many characteristic peaks, we
selected target peaks, which seemed to have no interference with substrates and impurities from decay.
460.7 and 707.0 nm were selected for Sr. As for Ti, 498.1, 499.0, and 499.9 nm were selected. We
calculated ratio Ti:Sr of highest intensity near target wavelengths, by using Gaussian deconvolution
method as in Figure 50. The relevant ratios are shown in Table 25.

Figure 50. Gaussian fitting of Ti peaks of SrTiO3.
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Table 25. Calculated ratio Ti:Sr of highest intensity near target wavelengths where Gaussian fitting
was used for deconvolution method.
Sr
Intensity ratio (Ti:Sr)

Ti

460.7 nm

707.0 nm

498.1 nm

1.81

1.02

499.0 nm

1.61

0.91

499.9 nm

1.51

0.85

SrF2 can be differentiated by SrF radical band (577-588 nm) region, as shown in Figure 51. Area of
was selected as target wavelength range to be quantified. Because spectral lines of Na impurity exist,
region in 577-585 nm was selected again for integration as in Figure 52. We selected 460.7 nm for target
Sr wavelength for quantification. When the highest intensity at 460.7 nm is 20,000, calculated SrF
radical band area is about 120,900.

Figure 51. Comparison of SrF2 and SrCO3 spectra in SrF radical band (577-588 nm) region.
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Figure 52. Integration of region in 577-585 nm. The area was calibrated by assuming that Sr peak at
460.7 nm is 20,000.
After dissolving surplus samples into nitric acid for pre-treatment, ICP-OES was analyzed to compare
the result with LIBS. identified Sr composition in substrates. Substrates showed negligible amount of
Sr: 0.132 ppm for Al; 120 ppm for Mortar. Considering LIBS does not identified Sr in Al, ICP-OES
showed better sensitivity.
The results of Raman spectroscopy provide molecular signatures of materials. Thus, we acquired
characteristic spectra of SrCO3, SrF2, SrTiO3 as shown in Figures 53 – 55. It is because the crystal
structure of SrCO3, SrF2, and SrTiO3 are different respectively: Orthorhombic structure; Tetrahedral
structure; and Perovskite structure. In case of Al and Mortar (Figures 56 and 57), no peaks are observed
due to fluorescence. It may hinder Raman signal of material, while multiple analysis can be possible
when combined with LIBS.
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Figure 53. Raman spectrum of SrCO3.

Figure 54. Raman spectrum of SrF2.
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Figure 55. Raman spectrum of SrTiO3.

Figure 56. Raman spectrum of blank Al substrate.
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Figure 57. Raman spectrum of blank mortar substrate.
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5.2.2 Experiment 2: Simulated Samples Analysis
LIBS analysis in experiment 2 aims at 3 things: Standardization of LIBS spectra for each substrate
by 100 shots for each sample; Differentiation of materials on different substrates by using methods
developed in Section 5.2.1; Identification of interaction between substrate and material and calculate
LODs using equation 4 in Section 3.3. Figure 58 shows schematic diagram of experiment 2.

Figure 58. Schematic diagram of experiment 2.

We can find that simulated samples are well differentiated by signatures, as in Figure 59, including Ti
peak and SrF band. Figures 60 and 61 show quantification results of Sr and Ti peaks. All showed similar
tendency with reference materials (pellets). However, there were deviation of absolute ratio, due to
interaction between material and substrate, resulting in different elemental composition of atoms to be
emitted.

Figure 59. Example of LIBS spectra of simulated samples: materials on Al substrate.
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Figure 60. Comparison of quantified ratio Ti:Sr at Sr target wavelength of 460.7 nm.

Figure 61. Comparison of quantified ratio Ti:Sr at Sr target wavelength of 707.0 nm.
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Integration of SrF radical band area (577-585 nm) were also different, even when intensity of 460.7
nm is 20,000. The values were 120,900 (Blank), 113,300 (Mortar), 67,500 (Al), and 67,300 (Soil) It is
seen that different affinity to fluorine of substrate components affected the results.
Figures 62 shows RSDs of each blank substrate. Mortar has the largest value due to inhomogeneity.
Soil also has large RSD due to lack of focal ability and low intensity. To calculate LODs, target
wavelengths of Sr were selected as 460.7, 707.0 nm, because they don’t have any interferences with
substrates. When analyzing blank substrates, high Sr peaks are observed in some shots, as shown in
Figures 63 and 64, due to residual Sr from previous experiment. Then, we removed outlier signals from
residual Sr without 1.5 IQR (interquartile range) of the lower quartile and the upper quartile. After
standardization of background intensity, SNRs and LODs were calculated, as listed in Table 26.

Figure 62. Comparison of RSDs for each substrate.
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Figure 63. Box plot of blank substrate intensities at 460.7 nm.

Figure 64. Box plot of blank substrate intensities at 707.0 nm.
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Table 26. Calculated SNRs and LODs (± 95% confidence interval) for simulated samples at target wavelengths of 460.7 nm and 707.0 nm.

Target wavelength
Substrate

Al

Mortar

Soil

Material

460.7 nm

707.0 nm

SNR

LOD (μg/cm2)

SNR

LOD (μg/cm2)

SrF2

68.9

76.1 ± 2.8

162.2

9.6 ± 0.0

SrTiO3

57.5

90.3 ± 2.3

162.2

9.6 ± 0.0

SrCO3

68.9

76.6 ± 3.1

162.1

9.7 ± 0.0

Average

65.1

81.0

162.2

9.6

SrF2

6.4

409.3 ± 18.2

31.0

119.4 ± 2.9

SrTiO3

6.6

336.1 ± 24.4

31.8

115.7 ± 1.4

SrCO3

6.1

425.0 ± 17.4

29.4

126.4 ± 3.4

Average

6.4

390.1

30.7

120.5

SrF2

14.8

237.0 ± 21.2

38.0

27.4 ± 2.0

SrTiO3

11.3

339.9 ± 71.7

22.8

70.4 ± 25.4

SrCO3

18.7

177.5 ± 14.4

32.7

36.2 ± 4.4

Average

15.0

251.5

31.2

44.7
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The SEM images after laser shots provide some clues for different deviation of each substrate in
LIBS results. As for Al substrate, for example, surface swells after laser shot, and diameter of laser
interaction spot is uniform around 200 μm. Little residual material exists on laser spot (Figure 65). In
contrast, diameters of laser interaction spot vary for mortar and soil (Figures 66 and 67).

Figure 65. SEM images of Al substrate after laser shot.

Figure 66. SEM images of mortar substrate after laser shot.

Figure 67. SEM images of soil substrate after laser shot.
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Concentration must be fixed more strictly for testing the LIBS sensitivity, where usage of sputtering
method and sputtering target of SrF2, SrTiO3 is an alternative option rather than usage of water. Also,
developed differentiation algorithm should be demonstrated in case of mixed samples (e.g., SrF2+SrCO3,
SrF2+SrTiO3). It could be more realistic assumption for manufacturing RDDs, considering 1994 Munich
Pu mixture case as in Figure 68 [90]. Deconvolution technique might be useful for separating
characteristic SrF band. One of the limitation is that non-radioactive surrogates were only analyzed,
even when radioactive materials were considered. The radiation from sources can result in further
ionization and accelerate breakdown time [91], where emission spectra may be affected by the
phenomena as well as isotopic shift.

Figure 68. 1994 Munich Pu mixture (weapon-grade Pu + high-burn-up fuel) [90].
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5.2.3 Suggestion of On-Site Analysis Algorithm for Nuclear Forensics
There were two important issues that should be resolved to improve on-site adaptivity. At first,
sensitivity of LIBS should be enhanced. For example, anions measurement ability should be improved
to identify the other important chemical evidences. Chemcam study shows good example for the
necessity [92]. Also, LAMIS technique could be applicable in field to measure isotopes when
identifying the isotopic evidences such as production date and methods.
Secondarily, nuclear forensic approach should be modified. Multiple analysis should be adopted (e.g.,
gamma-ray spectroscopy + LIBS + Raman spectroscopy) to improve precision on conclusion of nuclear
forensics [2]. Gamma-ray spectroscopy can be primarily used together with LIBS to detect radiation.
After checking existence of radioactive materials, nuclear forensic evidences should be collected. Not
only LIBS, but Raman spectroscopy will provide complementary information about crystal structures
of samples associated with anions, which are hard to measure by using conventional LIBS technique.
It is remarkable that LIBS and Raman information can be obtained simultaneously with one pulse of
laser shot, as shown in Figure 69, by adopting different delay times of CCDs [51]. Also, automated 2D
elemental mapping coupled to LIBS will be possible to provide very clear visual information [93], and
thus radiological hazard of contaminated area can be assessed effectively. Based on the issues, we
suggested analysis algorithm for nuclear forensics in real time, as in Figure 70.

Figure 69. The principle of simultaneous acquisition of LIBS and Raman information using a single
laser event.
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Figure 70. Algorithm for on-site nuclear forensics analysis based on LIBS.
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VI. Conclusion
Terrorists can use nuclear or radioactive materials for manufacturing NEDs or RDDs, respectively.
If nuclear or radioactive incident occurs, response should be rapidly made to minimize radiological
hazards on site, control nuclear or radioactive material, and preserve nuclear and associated traditional
evidence. LIBS could be a promising on-site NDA technique thanks to several advantages over
currently recommended gamma-ray spectroscopy and neutron detection, where these techniques cannot
identify alpha- and beta-emitting isotopes, as well as non-radioactive materials.
We first confirmed to what extent LIBS can contribute to on-site nuclear forensics analysis. Target
materials (SrTiO3, SrF2, and SrCO3) and substrates (Al, mortar, soil), simulating post-detonation debris
of RDDs, were selected as samples for LIBS experiment by developing theft scenarios of radioactive
materials. We suggested differentiation methods of target materials quantitatively. Specifically, in case
of SrTiO3, we found that target peaks of Sr (460.7 and 707.0 nm) and Ti (498.1, 499.0, and 499.9 nm)
were not interfered by substrates or impurities (Y and Zr) come from decay of 90Sr. Area of SrF radical
band (577-585 nm) region was calculated for differentiating SrF2. Absolute value was different in each
substrate, but similar tendencies are observed. By calculating LODs of Sr, sensitivity of LIBS was tested
and showed reliable results. SEM/EDX was used to identify morphology of samples before and after
laser shot, and the variation in laser crater size after laser shot well explained variation in LODs for
each substrate. The LIBS results were compared with ICP-OES and Raman spectroscopy, and Raman
spectroscopy showed valuable information about crystal structures associated with anions. We
suggested on-site nuclear forensics algorithm after finding issues on on-site adaptivity. In conclusion,
we found that LIBS is highly applicable to on-site nuclear forensics, characterizing both radioactive
materials and impurities, especially when combined with the other spectroscopic techniques.
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