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Abstract 

Field techniques for characterizing low levels of heavy elements of less than 100 

parts per million in soils tend to be unreliable because of the relatively weak signal of these 

elements and the large, variable background inherent to analyzing soils with minimal 

sample preparation. To enhance the detection and analysis capability of a handheld laser-

induced breakdown spectroscopy (LIBS) instrument, this work investigates the effects of 

a unique magnetic confinement apparatus on signal intensities, focusing on five iron lines 

as well as those from actinides in 11 soil samples. The proposed magnetic confinement 

apparatus achieved over 0.8 T but did not amplify the elements' peak intensities of the 

samples equally. Some peak intensities decreased with magnetic confinement. Through 

Principal Component Analysis (PCA), the difference in the intensity was attributed to 

elemental composition of the soil samples. Further conclusions were made based on the 

correlation of the samples’ elemental composition and their spectral emission peak 

intensity increase due to magnetic confinement. The peak intensity increases were 

attributed to increased plasma density under magnetic confinement, which increased the 

rate of recombination as the plasma cooled. The magnetic confinement apparatus was 

designed for use with the SciApsZ300 handheld LIBS and is easily adaptable to other 

handheld models. This novel approach provides a simple, field-expedient means of 

improving handheld LIBS performance. 
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1 

Development of a Magnetic Confinement Attachment for Enhanced Signal in 

Handheld Laser Induced Breakdown Spectroscopy Soil Analysis  

Chapter 1: Introduction 

1.1. Motivation 

Following a nuclear incident, whether from an explosive device or a malfunctioning 

nuclear reactor, rapidly assessing the event's surrounding area is crucial for public safety, 

recovery, and providing a clear-picture for military and civilian decision-makers. Because 

most nuclear material does not fission before the device explodes, and instead becomes 

part of the fallout cloud along with dirt and debris, much fissionable material returns to the 

ground along with the rest of the fallout. The resulting concentrations of actinides in the 

soil are hazardous to humans, animals, and the environment. The species and 

concentrations of actinides present also provide valuable information for determining the 

type of device detonated. Therefore, after a nuclear event, the National Technical Nuclear 

Forensics (NTNF) Ground Collection Team (GCT) collects debris from the target 

environment for forensic analysis.  

However, the analysis is not done on-site. The GCT sends the collected samples to a 

laboratory, which may not be on the same geographic land mass, and thus rapid acquisition 

of the elemental data is not possible. Although the laboratory analysis can eventually reveal 

the status and capability of suspected nuclear infrastructure and processes [1], immediate 

identification of actinides would be preferable for several reasons. On-site identification 

would help the GCT’s ground commander to direct efficient and risk-minimizing debris-

collecting activities. Faster analysis would also facilitate more effective resource allocation 

for emergency services and rescue operations. The NTNF, the Department of Defense 
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(DoD), and the Department of Energy (DoE) would all benefit from an immediate 

understanding of the actinides present in the sample material. Rapid elemental 

identification tools are not yet being used by the GCT.  

In recent decades, laser-induced breakdown spectroscopy (LIBS) has advanced this 

objective, with the capability to provide information on actinides present in a soil sample 

in a matter of seconds. Handheld LIBS (HH-LIBS) allows rapid detection of areas with 

higher concentrations of actinides during the GCT’s collection process. Knowing where 

actinides are present can reduce the total number and mass of samples required, reducing 

soldiers' exposure to a radioactive environment. Manard et al. showed that HH-LIBS 

enables rapid chemical analysis of rare elements, including uranium, to minimize exposure 

time and handling of hazardous nuclear materials [2]. HH-LIBS also offers the advantages 

of requiring only limited sample pretreatments and simplified sampling techniques [3]. 

However, HH-LIBS does not have sufficient sensitivity to detect concentrations of heavy 

metals such as actinides of less than 100-200 ppm [4]. Such concentrations are relevant to 

the safety, recovery, and decision-making concerns of on-site and departmental responders. 

To improve the sensitivity of LIBS, this study attempts to demonstrate that magnetic 

confinement of the LIBS plasma in an HH-LIBS device amplifies spectral intensity and 

improves efficacy in a field environment. Section 1.2.2. LIBS Enhancement Methods 

describes other methods of improving LIBS sensitivity and their limitations. 
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1.2. Background 

1.2.1. Current Radioactive Material Collection Methods 

The GCT’s procedure is to collect samples based on radiation dose, not on elemental 

composition. The GCT has access to several types of equipment for detecting α, β, and γ 

radiation, such as gamma scintillator probes, AN/PDR-77 radiation detection system, and 

personal dosimeters [1]. The GCT’s mission is directed by the DoE. To limit exposure time 

while maximizing the amount of area covered and the number of samples collected, 

elemental analysis of radioactive material is not done at the collection site. Collected 

Samples are given to the DoE for analysis. To manage risk from nuclear exposure, 

members of the GCT wear electronic personal dosimeters on post-detonation collection 

missions [1], and this equipment shows both the current dose rate and the cumulative 

dose  [5].  

1.2.2. LIBS Enhancement Methods 

Standard single-pulse LIBS analysis is hindered by low sensitivity and high limits of 

detection [6], which would make actinide identification difficult. However, there are a few 

ways to enhance the LIBS signal. Double-pulse excitation uses a second laser pulse to 

further excite the plasma elements after the first pulse’s energy is absorbed by the 

plume [7]. However, the double-pulse technology is not yet supported in a handheld 

device. Another way to enhance the signal is through spark discharge (SD), where the laser 

is fired between electrodes that are only a few millimeters from each other and from the 

target. Using this technique, Nassef et al. (2005) found that as the voltage across the 

electrodes increased, the spectral line intensity increased by 150% to 400% [8]. A benefit 

of using SD-LIBS is the reduced surface damage to the sample because the spark affords a 
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significantly reduced laser pulse, and accordingly reduced ablation craters. The increase in 

intensity is quite impressive in a laboratory, however, this technology would be difficult to 

deploy by GCT members in a field environment. The GCT would need a mobile laboratory 

trailer, because the current geometry of HH-LIBS does not support SD-LIBS. A third way 

to enhance the emission intensity is Spatially Confined LIBS (SC-LIBS) which involves 

trapping the plasma plume inside a cavity, which typically has a hemispherical or 

cylindrical geometry [9]. To be beneficial, SC-LIBS would need to be designed inside of 

the HH-LIBS device because the plasma plume grows inside of HH-LIBS.  A fourth way 

to enhance the emission intensity is through magnetic confinement which increases spectral 

line intensity by restricting electrons to a smaller space. This increases the number of 

collisions and thus improves the electron impact excitation [10]. Magnetic confinement 

affords the flexibility to be able to be adapted to commercial off-the-shelf HH-LIBS. 

1.2.3. Portable and HH-LIBS  

Portable LIBS was developed to meet the International Atomic Energy Agency’s need 

for a portable technique with which inspectors of Los Alamos National Laboratory could 

quickly analyze the elements from hydrogen to plutonium [11,12]. This equipment was 

conceptualized as a multi-component system that could be packed and moved in a single 

box containing the laser and spectrometer [13]. The first suitcase LIBS was developed at 

Los Alamos National Laboratory for the United States DoE [13]. This device comprised a 

suitcase containing a charge-coupled device and controller board, power supplies, 

spectrograph, and photodiode, weighing 14.6 kg in total and measuring 46 x 33 x 24 cm, 

attached through fiber optics and power cables to a probe that contained the Nd:YAG 

laser [14]. In a further development, a backpack LIBS featured the spectrometer and 
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computer in a backpack tethered to a power supply and connected by fiber optics to a 

handheld probe [15].  

Traditional LIBS components included a laser, at least one spectrometer, and a 

computer. For space travel, The Mars Science Laboratory (MSL) rover, Curiosity, required 

these components to be smaller and lighter because volume and mass were a premium 

when planning to leave the Earth. The Mars rover was used to perform remote rock and 

soil classification of light elements [16]. The MSL’s Chemistry and Camera tool 

(ChemCam) was mounted and tested at Los Alamos National Laboratory [16], and was 

able to rapidly identify features of the Martian landscape from seven meters away using a 

telescope that was fiber-optically attached to three spectrographs [17]. The MSL’s 

ingenuity facilitated the development of compact portable LIBS. 

Several companies were able to take advantage of the technological advances. B&W 

Tek developed HH-LIBS for the pharmaceutical industry [18]. Hitachi Vulcan 

manufactures HH-LIBS to analyze alloys [19]. SciAps, Inc., was able to develop a 

commercially available HH-LIBS that is 30% smaller than the size and weight of the 

ChemCam [20]. However, for safety reasons, Commercial Off-The-Shelf (COTS) HH-

LIBS does not have a telescope and cannot be used from seven meters away, requiring 

closer proximity to the target. In the space of an oversized hand drill, the SciAps Z500 

contains a 5-mJ laser, a stack of spectrometers with a range from 180 to 680 nm that has a 

0.1-nm FWHM optical resolution, and an argon purge [21]. 

1.2.4. Actinides in Soil 

Actinides are the longest-lived of the radionuclides and the most harmful to people, 

plants, and wildlife for long term unprotected exposure [22]. Actinides remain even after 
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radionuclides with much shorter half-lives have decayed away. Actinides can be difficult 

to find in soil because of their low concentration and because actinides’ slow decay rates 

can make them only slightly more radioactive than background radiation [23]. However, 

not all radiation is the same. Microwaves and radio waves are not ionizing. Alpha decay is 

an ionizing radiation that can cause cancer and death if exposed to or ingested internally. 

As actinides slowly decay through alpha decay, their daughter products rapidly produce 

ionizing radiation through beta decay. Actinides such as thorium and uranium decay 

through alpha decay, and therefore, they are hazardous to plants that grow in actinide-

containing soils, and to humans or animals that have grazed on such plants [24]. Identifying 

actinides in soil through alpha spectrometry requires soil preparation to separate the 

actinides from the soil and from each other, and this process requires extensive laboratory 

time  [25]. Moist soil can be particularly problematic because the laser’s interaction with 

the water disturbs the spectrographic reading. Moisture can be removed by drying the soil 

at 105 °C, after which the soil is crushed and pelletized [26]. Although LIBS does not 

generally require sample preparation or treatment, Jantzi et al. have reported sample 

preparation methods, such as crushing, that increase LIBS sensitivity [27]. In addition, 

when analyzing soils with LIBS, the soil should be dried to remove moisture because 

otherwise the moisture absorbs some of the laser energy and can thus have an adverse effect 

on spectral intensity [28]. 

Thousands of tabulated uranium atomic emission lines have been reported in the 

literature [29–31]. However, the actinides are detectable only when the soil sample has a 

minimum actinide concentration of 0.26% by weight [29]. The low sensitivity of LIBS 
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hinders detection of trace elements [32,33]. In raw ore samples, the uranium detection limit 

is approximately 158 ppm [34]. A material weight of 0.26% is equal to 2600 ppm. 

 

1.3. Problem 

The challenge of this research is to develop a magnetic plasma confinement apparatus 

that will enhance the spectral lines of heavy elements in the soil. The apparatus needs to be 

compact enough to fit into a backpack and simple enough for use by GCT members. The 

apparatus also needs to be adjustable so it can be used with various models of HH-LIBS. 

 

1.4. Hypothesis 

This research is based on the hypothesis that it is possible to increase the spectral 

intensity of high Z trace elements by magnetically confining the plasma. Under magnetic 

confinement, the electron temperature and density of the plasma will increase [35]. The 

increase in density should increase the electron impact excitation, and thereby enhance the 

emission intensity [36]. For this research, permanent neodymium magnets secured around 

the nose cone of the HH-LIBS create the magnetic field.  

 

1.5. Research Focus 

This research focused on amplifying the spectral emissions of iron and uranium via 

magnetic confinement through the optimal configuration of permanent neodymium 

magnets using the soil samples provided by Los Alamos National Laboratory. 
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1.6. Methodology 

Data was collected using the SciAps Z300 on various soil samples with and without 

magnetic containment. The experiment was repeated in the laser laboratory with a tabletop 

Nd:YAG laser for comparison. A frame around the HH-LIBS nose cone was developed to 

hold rectangular neodymium magnets for the magnetic confinement, and this device was 

used to ablate the soil samples. The gate delay was adjusted to find the best setting that 

maximized the integrated peak height of the magnetically contained plasmas.  

Under magnetic confinement, the plasma’s physical properties change during 

expansion across the magnetic field. The emission intensity increases because of the 

plasma's increased density due to its increased radiative recombination rate [37]. Magnetic 

confinement also slows plasma growth, thereby decreasing the volume of the plume.  

 

1.7. Assumptions/Limitations 

This study presumes the accuracy of the values presented in the National Institute of 

Standards and Technology (NIST) Atomic Spectra Database [38]. Assumptions were made 

based on the transition strengths and probabilities of spectral emissions from the database.  

One of the limitations of LIBS was its low detection sensitivity of trace elements [33]. 

HH-LIBS alone may not have enough spectral expansion to positively identify the actinides 

present. Another limitation was the number of available soil samples with trace amounts 

of uranium or other actinides. Furthermore, the accuracy of the calibrations based on data 

collected from the Z300 HH-LIBS depended on the 0.1-nm resolution of the 

spectrometer [39].  
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Lastly, this study did not show whether combining magnetic and spatial confinement 

would further compress the plasma, increasing its density and thus the number of collisions, 

compared to the two confinements separately [40]. The greater the number of collisions, 

the more significant the number of excited atoms, and the greater the trace elements' 

spectral intensity. This regrettable limitation is due to the use of a commercial HH-LIBS 

that did not readily allow manipulation of the nose cone and plasma chamber. 

 

1.8. Implications 

This research advances the analytical capability of a commercial HH-LIBS device. 

This study confirms the spectral enhancement of heavy trace elements in soil via magnetic 

confinement and demonstrates the prototyping of a neodymium magnet attachment to HH-

LIBS equipment. The magnetic confinement attachment enables trace element 

identification in metals, biological samples, and food testing.  
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Chapter 2: Theory and Literature Review 

In 1957, Gordon Gould had the first recorded use of the acronym LASER, referring to  

Light Amplification by Stimulated Emission of Radiation [41].The acronym is now so 

ubiquitously known that “laser” has entered the common lexicon. Three years later, 

Theodore Maiman engineered the first functional ruby LASER [42]. Within a few years, 

spectrochemical analysis was being conducted on laser-induced plasma plumes, and LIBS 

became widely used as a rapid method of identifying materials based on their elemental 

composition [43]. The advantages of using LIBS for elemental analysis include its ability 

to find multiple elements simultaneously across the full range of the periodic table, with 

only optical access to the target [44]. This chapter begins with the theory of LIBS, followed 

by a discussion of the methods that are used to enhance the spectral intensity of the plasma 

emission.  

 

2.1. LIBS Concept and Limitations 

Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission 

spectroscopy where the excitation source is a highly energetic laser pulse [45]. A focused 

laser forms a plasma where the laser’s energy atomizes and excites the sample target [46]. 

The plasma, a partially ionized gas containing molecules, radicals, atoms, ions, and free 

electrons, has no overall electric charge. Atomization occurs at the beginning of the laser 

pulse, when the vaporized solid materials dissociate into atoms of the material’s constituent 

elements [47]. If the energy applied to the atom is greater than the ionization potential, 

electrons will detach from the atom, yielding free electrons and positive ions (cations). The 
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valence shell is the first to lose electrons because it has the lowest ionization potential [48]. 

An even greater laser energy can dissociate more electrons from the atom.  

When the laser pulse ends, the atoms and ions return to lower energies or ground states 

as cations absorb free electrons. Electrons drop to lower energy shells, releasing their 

excess energy as light that creates spectral lines. The emissions occur as a continuum of 

energy. However, because of the different energies of the ions and the various energy 

transitions, cation deexcitation occurs through a discrete, quantized set of energy levels, 

which exhibit distinctive spectral lines for each element. It should be noted that even if no 

spectral lines for a given element are detected, that element may still be present in the 

sample, but at a concentration lower than the equipment’s limit of detection [49]. 

All elements will emit light with distinctive frequencies when excited to high enough 

temperatures [50], and thus the focused laser must reach the energy level appropriate for 

the target material and its environment to create a plasma. With LIBS, plasma temperatures 

are typically 5,000 to 20,000 °C [45,51], and LIBS can analyze material in any physical 

state of matter—solid, liquid, or gas [52]. At the target surface, the detonation radiation 

indicates the elemental composition of the target through visible and ultraviolet 

wavelengths [53]. With a suitable laser power, and a spectrograph and detector with 

appropriate sensitivity and wavelength range, LIBS can detect all the elements on the 

periodic table. LIBS sensitivity can be as low as 10–50 ppm [53]. 

 

2.2. Methods of Signal Enhancement 

Conventional HH-LIBS techniques can struggle to detect heavy elements in the soil 

because these elements are typically present at exceptionally low concentrations, and thus 
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present weaker spectral peaks [54]. LIBS spectra from soils are also notorious for their 

complexity and shot-to-shot variability because of soils’ natural elemental heterogeneity 

and often-inconsistent moisture content. Therefore, several methods of enhancing the 

spectral intensity have been developed, including double-pulse LIBS, spark discharge (SD) 

LIBS, spatially confined LIBS, and magnetically confined LIBS. 

2.2.1. Double-Pulse LIBS  

Double-pulse LIBS (DP-LIBS) can increase emission lines by two orders of magnitude 

over that produced by single-pulse LIBS [55]. In DP-LIBS, two laser pulses, transmitted 

only nano- or micro-seconds apart, are used to produce the plasma [56]. The first laser 

pulse ablates the target, producing a plasma plume and a shockwave, and the second pulse 

is absorbed by the plasma [57]. The second pulse causes a resurgence in the plasma 

production following the initial pulse's plasma plume production, increasing the plasma 

volume further by ablating additional material in the gas phase. The second laser pulse also 

increases the plasma temperature and ion density [7,58]. Thus, the additional energy 

inputted to the plasma by the second laser pulse enhances the spectral line intensity from 

the first pulse, resulting in a significant signal gain [59]. The emission intensity increase 

may result from the additional heating of the target by the two pulses in combination, and 

the associated increase in plasma volume [60,61]. Figure 1 shows the different laser 

geometries that can be used in DP-LIBS: collinear, crossbeam, orthogonal re-heating, and 

orthogonal pre-ablation [62]. In the collinear arrangement, both laser beams are on the 

same axis perpendicular to the target. In the crossbeam arrangement, the lasers are both 

aimed at the same point on the target from different angles. In the orthogonal reheating 

arrangement, the first laser is perpendicular to the target, and the second laser is parallel to 
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the target and orthogonal to the first laser: the first laser creates the plasma, and the second 

laser is focused inside the plasma plume. In orthogonal pre-ablation, the reverse of 

orthogonal reheating, the first laser is parallel to the target and focused to create gas-phase 

plasma just above the target surface, and the second laser is perpendicular to the target and 

focused on the target surface for ablation [63]. Of the four different arrangements, collinear 

is the most common and crossbeam DP-LIBS is the least common [55].  

2.2.2. Spark-Discharge LIBS 

As with DP-LIBS, Spark-Discharge LIBS (SD-LIBS) is a two-part excitation process. 

Whereas DP-LIBS uses a second laser pulse to enhance the signal from the plasma plume, 

SD-LIBS enhances the signal by ablating the target between two electrodes, leveraging the 

voltage between the electrodes to expand the plasma plume [64]. SD-LIBS is triggered by 

the formation of the ablated target's plasma [8]. Compared to single-pulse LIBS, the spark 

discharge not only increases the plasma’s spectral intensity but also offers a better signal 

to background ratio [65], and these advantages favor adding the electrical circuit to the 

 

Figure 1. Four of the Double Pulse arrangements for LIBS. 
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apparatus as an inexpensive approach to improving performance. Furthermore, SD-LIBS 

requires less laser pulse energy and therefore results in less damage to the target surface as 

shown in Fig. 2, where the left and right images show targets after analysis by conventional 

LIBS (five shots with laser fluence of 48 J/cm2) and SD-LIBS (laser fluence of 4 J/cm2 and 

applied voltage of 3.5 kV), respectively [8]. The crater depth after conventional LIBS is 

more than 35 μm, whereas the SD-LIBS crater depth is only approximately 12 μm. 

Although the peak plasma temperatures are similar, the SD-LIBS plasma volume is larger. 

Finally, compared to DP-LIBS, SD-LIBS has a less complicated laser system and is thus 

also less expensive [66].  

2.2.3. Spatially Confined LIBS 

Another cost-effective method for increasing the detection sensitivity of plasma 

emission lines is spatial confinement [67]. Spatially-Confined LIBS (SC-LIBS) involves 

 

Figure 2. The laser fluence is much greater for conventional LIBS on the left 

causing more damage than what is required for SD-LIBS on the right to increase 

the spectral intensity [8]. 
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trapping the plasma plume inside a cavity, which typically has a hemispherical or 

cylindrical geometry [9]. Confining the plasma stabilizes its shape and increases the 

electron density and temperature [68]. Spatial confinement can enhance the spectral 

emission within a specific range of delay time that depends on the cavity's size and the 

laser's energy [69]. Wang et al. (2016) showed that using a cylindrical cavity of 8 mm in 

both diameter and depth, the neutral copper line at 521.8 nm had as much as 2.5 times 

higher spectral intensity with delay times between 6 and 16 μs, compared to the intensity 

without the cavity [69].  

Spatial confinement also reflects the plasma and accompanying shockwave back onto 

itself, increasing the number of collisions among particles and further amplifying the 

emissions [60]. The increased number of collisions likewise increase the number of atoms 

in high-energy states and improve emission intensity [70,71]. Therefore, the reflectivity of 

the cavity may increase the spectral enhancement [70]. Popov et al. (2009) used the back 

reflection of the shockwave inside a 4-mm spherical cavity to increase the spectral intensity 

of iron lines by 10 times [70]. Popov et al. (2010) also found that the reflected plasma 

enhanced the visible spectrum from 430 to 440 nm, but not the ultraviolet range [71]. Lin 

et al. (2013) showed that using SC-LIBS with a 20-mm conical cavity, the intensity of the 

neutral chromium line at 425.44 nm increased by 7% [72]. However, if layers of 

microparticles are allowed to accumulate on the cavity walls, they will degrade the cavity's 

reflecting properties, eroding the spatial confinement’s capacity to increase the spectral 

emission [70,71]. Nonetheless, spatial confinement is low-cost and is the simplest way of 

improving the spectral intensity discussed to this point.  
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2.2.4. Magnetic Confined LIBS 

Although magnetic confinement has not been reported with a HH-LIBS system, the 

technique has been applied in other fields. In principle, the magnetic field confines the free 

electrons and increases the plasma density, accelerating the electrons and increasing their 

collision frequency, thereby increasing emission intensities and producing higher 

backgrounds due to inverse bremsstrahlung [73]. The magnetic field also increases the 

plasma's density by increasing the radiative recombination rate [37]. Leung et al. (1975) 

used magnetic confinement inside a small (30-cm diameter, 33-cm length) vacuum 

chamber with a tungsten wire to increase an argon plasma’s density by a factor of 100 at 

0.0008 torr and 60 volts [68]. The magnets were mounted on the exterior of the vacuum 

vessel, which had been specifically designed to allow relocation of the magnets to different 

positions [74]. 

Magnetic confinement increases spectral line intensity by restricting electrons to a 

smaller space, which increases the number of collisions and thus improves the electron 

impact excitation [10]. Magnetic confinement also slows down the plasma growth [75], 

which will decrease the volume of the plume, such that it remains at the focal point of the 

light collection optics. Several conditions affect the relative impact of the magnetic field 

on emission intensity. First, the closer the magnetic field is to the plasma plume, the greater 

the effect magnetic confinement will have on the emission intensity [33]. In addition, 

specific wavelengths may be particularly influenced by the magnetic field’s effects on 

emission intensity from electron impact excitation and radiative recombination [36]. The 

presence of an external magnetic field can also change a plasma’s physical properties, 

which will affect the optical emission spectrum [37]. 
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The relationship between a plasma's initial kinetic energy and magnetic confinement 

can describe the plasma's expansion and emission inside the magnetic field. Huba et al. 

estimated the endpoint of the plasma expansion via its kinetic energy as a function of 

magnetic field strength as in Eq. (1): where the expansion volume, (4/3)πRB
3, is a function 

of the magnetic confinement radius RB; M is the plasma's mass; v0 is the initial plasma 

expansion velocity; and B0 is the magnetic field (in G)  [76]. 
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Solving for the magnetic confinement radius of the plasma, RB, yields 
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Assuming a perfectly conducting plasma, the magnetic field will cause the outward 

expansion of the plasma to slow close to the magnetic confinement radius [76]. This 

deceleration of the plasma expansion is given as 
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Where v1 and v2 are the plasma expansion velocities without and with magnetic 

confinement respectively [37,77,78]. Alfven’s magnetohydrodynamics equation [79,80], 

shows that the magnetic field has an inverse relationship with plasma β, given by   

𝛽 =  
8𝜋𝑛𝑒𝑘𝑇𝑒

𝐵2
                                                          (4) 

Where ne is the plasma's electron density in cm-3, k is the Boltzmann constant, and Te is the 

electron's temperature in eV [32,45,76,77,81]. As the magnetic field, B, approaches zero, 

plasma β approaches infinity, and the velocity ratio will approach one. The ratio of 
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emission intensity with magnetic confinement to the intensity without magnetic 

confinement can be expressed as 

𝐼2

𝐼1
= (1 −

1

𝛽
)

−3 2⁄

(
𝑡1

𝑡2
)

3

                                                 (5) 

Where I2 and I1 are the intensities with and without magnetic confinement and t1 divided 

by t2  is the spectral emission ratio [32,81]. As with Eq. (3), when the magnetic field 

approaches zero, plasma β approaches infinity, and the intensity ratio will move towards 

one.  

Rai et al. enhanced the optical emission intensities of magnesium, titanium, chromium, 

and manganese in aqueous solutions by 1.5–2 times using 0.5 or 0.6 T magnetic fields 

generated by neodymium magnets [37,81]. Harilal et al. reported that in a vacuum, a 0.64 

T magnetic field decelerated the growth of a laser-generated aluminum plasma in the 

direction normal to the target surface, with the plasma instead growing laterally and 

expanding along the magnetic field lines [75]. The magnetic field also increased the plasma 

plume’s lifetime, temperature, and density [75]. The magnetic confinement increased the 

spectral emission of Al2+ and decreased that of Al+ and neutral Al [75]. However, Shen et 

al. showed an increase in the neutral lines of aluminum with a magnetic containment field 

of 0.8 T [77]. The difference can be attributed to the vacuum environment in which Harilal 

et al. worked and the lesser magnetic field strength of 0.64 T. In LIBS analyses of steel 

samples, Hao et al. used a ring magnet to spatially and magnetically confine a plasma 

plume, and successfully increased the spectral intensities of vanadium and manganese [32]. 

Hao et al. also found that magnetic confinement increased the plasma’s temperature and 

density [32]. However, Cheng et al. reported that magnetic confinement decreased the 
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plasma temperature compared to unconfined plasma when they studied the effects of a 

0.75-T magnetic field on the spectral intensity of ablated copper [33].  
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Chapter 3: Methodology  

3.1. Original Z-300 HH-LIBS Specifications and Operating Conditions 

The SciAps Z-300 HH-LIBS, shown in Fig. 3, is a 5–6-mJ/pulse, 50-Hz, 1064-nm 

Nd:YAG laser with multiple spectrometers that cover the spectral range from 190 to 950 

nm. The Z-300 measures 8.25 × 11.5 × 4.5 inches (21 x 29.2 x 11.4 cm) and weighs four 

pounds (1.81 kg), including the rechargeable Li-ion battery, and can transfer data via USB 

and Wi-Fi [39].  

Although the Z-300 can detect at least one spectral line for every naturally occurring 

element on the periodic table [39], the manufacturer does not formally claim that the 

equipment can detect transuranic elements because these elements are not typically found 

in nature [82]. Nonetheless, the Z-300 may still detect transuranic material. The equipment 

has been reported to detect uranium in an ore sample, although not always reliably [83].  

 

Figure 3. The SciAps Z300 HH-LIBS used in this study. 
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In the Z-300, the laser is perpendicular to the faceplate, and the camera inside the nose 

cone is off-axis, resulting in some parallax in the view. For safety, the laser will not fire 

without a sample present in front of the camera. Therefore, optimal operating conditions 

include the positioning of the sample flush with the faceplate. Furthermore, if the sample 

is smooth and flat and in direct contact with the faceplate, completely covering the window, 

then the plasma plume's geometry will be entirely contained within the chamber behind the 

faceplate. By contrast, if the target sample is curved, rough, or not flush with the window, 

the plasma may occur slightly in front of the faceplate.  

When the laser fires, argon is injected into the plasma chamber to purge the ambient 

air. The argon purge helps prevent the plasma plume from interacting with ambient air. 

The plasma chamber is an inverted trapezoidal pyramid with a base of only 20 × 15 mm2 

and a depth of 5 mm. Because the plasma plume must be captured within the chamber, 

enhancement through spark discharge is not possible with this equipment. 

The disadvantage of the Z-300 is that improving the plasma chamber's geometry may 

not be possible because of the device’s compact size and the laser’s fixed focus on the 

outside edge of the faceplate. Ideally, as in a laboratory situation, the laser’s focal point 

and the plasma chamber’s geometry can be changed, and the trapezoidal pyramid geometry 

of the Z-300’s plasma chamber may be unfavorable relative to the hemispherical or 

cylindrical geometries used in spatial confinement. Thus, the magnetic confinement 

approach to magnifying the spectral intensity proposed for this HH-LIBS could be further 

improved by spatial confinement if the plasma chamber’s geometry could be manipulated. 

For example, a hemispherical container would reflect the plasma to the center uniformly, 

thereby increasing the emission intensity [71]. A cylindrical box would also reflect the 
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plasma onto itself and increase the number of particle collisions, increasing the number of 

atoms at high energy states and thereby enhancing the emission intensity 

 

3.2. Z-300 Modification with Magnets 

To conserve the Z-300’s functionality, research began with small ring magnets of 

neodymium, as the least intrusive modification that would accomplish the objective of 

introducing a magnetic field that can influence the nose cone's plasma emission. Thus, 

magnetic confinement did not require changes to the HH-LIBS device, representing one of 

the most significant advantages of the magnetic confinement approach, that it can easily 

be adapted to commercial HH-LIBS devices.  

To determine which polarity provides greater spectral intensity, data was collected 

from a soil sample with a ring magnet under the sample in both polarity configurations, 

flipping the magnet between data acquisition runs. Data was also taken with magnets held 

manually on the sides of the nose cone; however, this procedure indicated the need for a 

mechanism to secure the magnets in place such that they could not snap together. 

 

3.3. Magnetic Apparatus Design 

To optimize the configuration of permanent neodymium magnets, several tests using 

the using soil samples provided by Los Alamos National Laboratory were conducted with 

varying degrees of success. Magnetic field strength was measured between 0.3 and 0.8 T. 

3.3.1. Ring Magnet 

In a field environment, soil samples must be manually converted into pellets on-site 

using a stainless-steel die set. This presents a challenge for magnetic confinement with a 
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ring magnet because the pellet must be pressed inside the magnet and the stainless-steel 

die sets are strongly attracted to the permanent ring magnet, such that a table vice would 

be needed to separate the pieces.  

Another issue with the stainless-steel die is that with the pellet inside the die sleeve, 

the pellet must be flushed with the sleeve's surface to contact the Z-300’s faceplate. If the 

pellet is not flushed, the Z-300 may not detect the target and will not fire, or, if the Z-300 

does fire, the plasma plume will not form in the optimal position for the spectrometer, 

resulting in weak readings. For this work, the pellet conditions were satisfied by using the 

ring magnet as the die sleeve and using a ceramic pressing rod and top support plate instead 

of the usual stainless-steel. Only one pressing rod was used so that the pellet would be 

flushed with the magnet's edge.  

The original stainless-steel sleeve and dyes are shown in Fig. 4A. These did not allow 

for the pellet sample to be flushed with the Z-300’s faceplate. To ensure a flush sample 

position, a smooth dye was produced, along with a dye with a raised cylinder that would 

slide into the ring magnet, as shown in Fig. 4B. The new dyes were made of carbide steel, 

which is not so strongly attracted to the magnet as stainless steel.  

Nonetheless, because the carbide is magnetic, pulling the dye away from the ring 

magnet would loosen the pellet’s grain structure, negating the benefit of pressing it. 

Furthermore, because of the tight tolerance between the inside of the ring magnet and the 
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raised cylinder of the carbide dye, tiny magnetic particles between the magnet and the dye 

disturb the fit so that the dye no longer sits well in the magnet. 

 

3.3.2. Three Magnets 

The next attempt to create a magnetic apparatus involved attaching one magnet on 

either side of the Z-300 with a third magnet under the soil sample, as show in Fig. 5A. 

Although this configuration showed a magnetic field of approximately 0.25 T, as illustrated 

in Fig. 5B, the sample was crushed in the process. The magnetic field shown in Fig. 5B 

was calculated using finite element method magnetics [84]. 

A      B 

 

Figure 4. (A) Original stainless-steel dyes and sleave. (B) Ring magnet used as 

sleave with carbide dyes 
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3.3.3. Magnetic Confinement Frames 

To avoid destroying the soil samples in the magnetic confinement approach, a simple 

wooden frame was designed to hold the magnets, as shown in Fig. 6A. The frame was also 

adjustable so that the magnets could be fitted snugly to the nose cone. The magnets were 

A      B 

 

Figure 5. (A) Neodymium magnets around Z-300 and soil sample. (B) FEMM 

calculated magnet field of the magnets around nose cone [84]. 

 

A      B 

 

Figure 6. (A) Neodymium magnets and soil sample in wooden frame. (B) FEMM 

calculated magnet field of the wooded frame [84]. 
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arranged so that all the north sides face right, and all the south sides face left. Figure 6B 

shows the calculated magnetic field, which was 0.3 T at the center. Experiments showed 

that the bottom magnet interfered with determining if the Z-300 was properly seated 

between the magnets and flush with the soil sample. The bottom magnet also had the least 

plasma enhancement effect because it was the furthest away, at 5 cm from the plasma. 

The wooden prototype provided a proof of concept, but it lacked the ability to change 

the magnets since they were screwed into the frame. The AFIT Model Shop provided the 

functionality required to change the magnets with an aluminum frame apparatus. The 

aluminum frame is designed to hold up to four magnets. The magnets are mechanically 

held in place with clamps that allow a 13 mm magnet to be secured as shown in Fig. 9A. 

The magnetic field generated with this arrangement is shown in Fig. 9B. With this frame, 

the magnets had a different arrangement from that in the wooden frame. The top magnet’s 

field orientation is like the magnets on the right and left. The north side of the top magnet 

A      B 

 

Figure 7. (A) Neodymium magnets and soil sample in aluminum frame. (B) FEMM 

calculated magnet field of the aluminum frame [84]. 
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faces the center of the frame, while the north sides of the left and right magnets face the 

frame’s edge. The frame's interior dimensions measure 10.3 × 10.3 cm and can hold up to 

four permanent magnets that are 3.3 cm in width, on all four sides of the frame. The 

positions of the magnets can be adjusted towards and away from the center. This aluminum 

frame became the final design for the magnetic containment apparatus, fitted around the 

nose cone of the Z-300 HH-LIBS device. The apparatus can also be mounted on a table for 

use with a tabletop laser. The magnets on the sides of both frames were limited to a 

minimum separation of 33 mm due to the size of the soil sample. If the soil samples had 

been less than 22 mm, the sample would not have passed the edges of the face plate of the 

Z-300, which would have allowed for closer magnets and a higher magnetic field. 

 

3.4. Soil Samples 

The main advantages of using LIBS on soil samples are the technique’s rapid analysis 

capability and minimum sample preparation [85]. The soil samples for all experiments, 

with and without magnetic confinement, were provided already grounded and pressed by 

Los Alamos National Laboratory, along with a spreadsheet listing their trace elements in 

parts per million. Fig. 8 shows a typical soil sample. Samples were sorted by their amount 

 

Figure 8. Soil Sample GBW07311 from Los Alamos National Laboratory. 
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of data on trace elements. Samples were discarded if their trace element data was 

incomplete. The remaining samples were ordered by their quantity of actinides. Only two 

actinides were listed in the soil samples, thorium and uranium, as shown in Table 1. 

Because uranium decays into thorium, the correlation between these two elements in the 

soil is high. The samples had a Pearson coefficient of r = 0.9565 of uranium and thorium. 

This is not to say that none of the thorium is naturally occurring. 

Selecting suitable emission spectral lines for analysis can be difficult because there are 

474 uranium and 20,143 thorium spectral lines in the National Institute of Standards and 

Technology (NIST) database [38]. Chinni et al. (2009) reported that double-pulse LIBS 

increased six uranium spectral lines: 367.01, 409.01, 436.20, 437.21, 447.23, and 591.54, 

where the uranium concentration in their sample was 0.26% [29]. This concentration is 

much greater than that in the soil samples used in this study. Kim et al. reported that the 

minimum observable concentration of uranium in ore was approximately 158 ppm  [34]. 

Using HH-LIBS to find uranyl fluoride surface contamination, Shattan et al. chose the 

Table 1. The Actinides in the LANL soil samples. 
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uranium spectral lines U II 409.013, U I 502.739, U I 509.539, U I 682.691 nm for their 

high intensity and their observability even at lower uranium concentrations [86]. Of these, 

U II 409.013 nm was observable at the smallest concentration of 250 ppm [86]. Because 

the soil samples used for this work had uranium concentrations well below the previously 

mentioned limits of detection, the emission lines selected for analysis were those that were 

most prominent in previous studies as shown in Table 2. 

Regarding the other actinide in the soil samples, approximately three times more 

thorium was present than uranium, in ppm, which is their estimated relative abundance in 

nature as well [87]. Thorium can be characterized by 12 spectral lines with relative 

intensities greater than 30,000  [38]. The highest thorium spectral line was beyond the 

spectrometer; therefore, 11 wavelengths were selected for analysis under magnetic 

confinement in this work. 

Although plutonium is another important detection target after a nuclear event, the soil 

samples used for this research contained no plutonium. The soil samples do contain 

Table 2. Prominent uranium lines from previous studies. 
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between 3.0-19.3% iron, which is higher than the average of 4% by weight across all 

soils [88]. The five iron lines that were chosen for analysis are Fe II 259.940, Fe II 273.955, 

Fe II 274.320, Fe II 274.698, and Fe II 275.574 nm. Iron lines are prolific throughout the 

spectrum. Their spectral lines often overlap other elements’ spectral lines. The five iron 

lines were chosen because their location on the spectrum is not overly populated with 

plutonium spectral lines [89]. In an actinide-rich environment, these iron lines can be used 

to facilitate a baseline.  

 

3.5. Comparison with EverBright LASER 

 Following testing with the Z-300 HH-LIBS, the magnet confinement apparatus 

described above was also used in conjunction with a tabletop Quantel EverBright 1064-nm 

laser and a Catalina Scientific Echelle spectrometer as shown in Fig. 9. The five iron lines 

analyzed with the HH-LIBS are more than 50 nm less than the spectrometer’s ability to 

read because the Catalina Scientific spectrometer detects wavelengths only at or above 325 

nm. Samples GBWO7113 and GBWO7311 were chosen and tested with/without magnetic 

 

Figure 9. The Experimental setup with the Quantel Everbright LASER and 

Catalina Scientific Echelle Spectrograph used in ambient air with/without 

magnetic confinement apparatus. 
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confinement because of their relatively high thorium and uranium concentrations as shown 

in Table 1. Both the EverBright and the Z-300 use a 1064 nm laser. Unlike a 532 nm laser, 

it cannot be seen because the wavelength is in the infrared and outside of the visual 

spectrum. At 150-250 mJ /pulse the EverBright Laser is about 40x more powerful than the 

5-6 mJ /pulse Z-300 [39,90]. Using the EverBright laser, the gate width was tested between 

2 and 10 μs, and the gate delay was also varied between 2 and 10 μs. After several shots, 

the optimal settings were a gate width of 10 microseconds and a gate delay of two 

microseconds. Chinni et al. [29], Liu et al. [91], Yin et al. [68], Sobral et al. [92], Rai et 

al. [37], and Chan et al. [93] used gate widths of 10 microseconds or larger. Samples were 

shot five times each with and without magnetic confinement. The soil sample when tested 

is placed beneath the magnetic confinement apparatus. The apparatus was adjusted to 

increase the magnetic field by bringing the sides close together, while still leaving space 

so that the fiber optic cable could view the plasma as shown in Fig 10. The fiber optic cable 

was positioned approximately 85mm from the plasma plume. The data was averaged and 

 

Figure 10. Magnetic confinement apparatus in relation to soil sample while being 

tested using the Quantel Everbright laser.  
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plotted with MATLAB. Another difference between the EverBright and the HH-LIBS 

experiments was that the HH-LIBS has an argon flush to limit the plasma’s interaction with 

ambient air. In contrast, the EverBright experiment was performed in ambient air without 

the benefit of a noble gas flush. The locations of the magnets in the aluminum frame shown 

in Fig. 11A were adjusted to increase the magnetic field by positioning the magnets much 

closer together, as they no longer had to be situated around a nose cone. One of the 

advantages of the magnetic confinement apparatus is that it is adjustable to fit the lab 

scenario. The gap between the magnets was 13 mm, which allowed a sufficient angle for 

the spectrometer to view the plasma plume and for the laser to clear the magnets without 

ablating them. The corresponding magnetic field increased by approximately 0.1 T to over 

0.8 T, as represented in Fig. 11B.  

A     B 

 

Figure 11. (A) Neodymium magnets configured in aluminum frame. (B) FEMM 

calculated magnet field of the aluminum frame [84]. 
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3.6. Testing and Analyzing Procedures 

Los Alamos National Laboratory provided certified reference material in the form of 

23 soil samples. The final test with the aluminum frame had magnets on three sides of the 

Z-300. The Z-300 was also inverted to allow a more consistent magnet placement and 

target position as shown in Fig. 12. Of the available soil samples, 11 were chosen for this 

test. The criteria for the chosen 11 samples was they had to have the most complete 

elemental composition data as shown in Table 3 and Table 4, and they had to still be in 

good testing condition after previous tests while prototyping the optimal magnetic 

confinement apparatus. Some samples were not considered in good condition because of 

damage due to shipping, pitting due to LIBS testing, or they were crushed due to magnetic 

confinement. Each of the 11 samples was tested with and without magnetic confinement 

for a total of 16 times each. The data from the unconfined test and from the magnetically 

 

Figure 12. Test set up of the Z-300 inverted with neodymium magnets configured 

in aluminum frame and soil sample. 
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confined test were pulled into MATLAB and averaged into groups by sample name and 

plotted.  

Table 5 shows the large elemental composition in soil samples. Elements are in order 

of abundance in parts per million. Soil Samples are in order of increasing benefit of 

magnetic confinement. 

Table 4. Additional trace elements of the 11 soil samples. 

 

Rb Cs Sr Sc Y Zr Hf V Nb Ta Cr Co Cu Zn Pb Cl F

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

GBW07104 38 2.3 790 28 29 99 2.9 94 6.8 0.4 32 43.2 55 71 11.3 46 280

JA2 71 4.9 250 18.4 18.1 112 2.93 122 9 0.7 450 27 27.9 65 19.3 0 223

JA1 10.65 0.64 264 9.5 9.3 84 2.5 108 1.4 0.11 6.4 11 41 91 5.8 43 149

GBW07312 270 7.9 24 32 26 234 8.3 47 15.4 3.2 35 8.8 1230 498 285 163 1250

AGV2 66.3 1.2 661 33 37 230 5 122 14.5 0.87 16 16 53 86 13.2 0 377

GBW07110 183 7.16 318 5.1 29 335 7.5 64.3 20.8 1.42 7.7 7.9 9.1 164 97.7 160 1120

BCR2 46.9 1.1 340 7.4 42.7 184 4.9 416 12.6 0.74 18 37 21 127 11 98 448

BHVO2 9.11 0.1 396 13 19 172 4.36 317 18.1 1.14 280 45 127 103 1.6 150 402

GBW07311 408 17.4 29 7.52 28 153 5.4 46.8 25 5.7 40 8.5 78.6 373 636 290 1650

GBW07113 213 3.34 43 5.15 42.5 403 10.8 3.8 34.3 2.41 7.3 2.4 10.9 86.3 33.3 0 1300

GBW07103 466 38.4 106 6.1 62 28 6.3 24 40 7.2 3.6 3.4 3.2 167 33.3 127 2350

Group IA IA IIA IIIB IIIB IVB IVB VB VB VB VIB VIIIB IB IIB IVA VIIA VIIA

Soil

 Sample

Table 3. Lanthanides and Actinides in the 11 soil samples. 

 

Ce Dy Er Eu Gd Ho La Lu Nd Pr Sm Tb Tm Yb Th U

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

GBW07104 40 1.85 0.85 1.02 2.7 0.34 22 0.12 19 4.9 3.4 0.41 0.15 0.89 2.6 0.9

JA2 33.7 2.9 1.7 0.91 3 0.61 16.1 0.25 14.2 3.7 3.1 0.48 0.26 1.68 5 2.2

JA1 13.5 4.8 3 1.12 4.2 1.05 5 0.45 10.9 2.08 3.4 0.73 0.44 3 0.76 0.35

GBW07312 61 4.8 3.1 0.61 4.4 0.04 32.7 0.58 26 6.9 5 0.82 0.53 3.7 21.4 7.8

AGV2 68.6 3.47 1.81 1.53 4.52 0.65 37.9 0.247 30.5 7.84 5.49 0.64 0.26 1.62 6.1 1.86

GBW07110 117 5.32 2.93 1.96 6.54 1.1 62.5 0.49 47.2 13.2 8.63 0.99 0.5 3.15 16.7 3.04

BCR2 52.9 6.41 3.66 1.96 6.75 1.28 24.9 0.503 28.7 6.7 6.58 1.07 0.54 3.38 5.7 1.69

BHVO2 37.5 5.31 2.54 2.07 6.24 0.98 15.2 0.274 24.5 5.35 6.07 0.92 0.33 2 1.22 0.403

GBW07311 58 7.2 4.6 0.6 5.9 1.4 30 0.78 27 7.4 6.2 1.13 0.74 5.1 23.3 9.1

GBW07113 163 8.19 4.31 1.18 9.47 1.64 82.7 0.67 64.5 18.4 11.7 1.51 0.73 4.51 27.1 4.83

GBW07103 108 10.2 6.5 0.85 9.3 2.05 54 1.15 47 12.7 9.7 1.65 1.06 7.4 54 18.8

Group Lanthanides Actinides

Soil

 Sample
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3.7. Principal Component Analysis  

Principal Component Analysis (PCA) is a data analysis technique that reduces data 

from high dimensional space to low dimensional space while still maintaining the 

underlying variance of the data [94]. Complex data sets that are composed of multiple 

variables are reduced by PCA to a set of eigenvectors with eigenvalues that contain the 

data set’s variation. The largest eigenvalue shows the eigenvector that contains the largest 

amount of variation [94]. PCA’s goal is to calculate the most important basis by filtering 

out noise to display meaningful data [45]. 

The goal of principal component analysis is to compute the most meaningful basis to 

re-express a noisy data set. PCA creates a new basis that removes the noise to reveal a 

hidden structure [95]. For this research PCA provides a quantitative method to determine 

a correlation within the samples’ elemental composition and their spectral intensity with 

and without magnetic confinement. The first principal component shows the most variance 

between the samples tested, while the second principal component shows the second most 

variance between the samples tested. The number of principal components is limited by 

the number of features in the samples.  

Table 5. Large elemental composition in soil samples. 
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3.8. Integrated Area Calculation 

To compare the size of the spectral intensity of the selected emission lines, the 

integrated area below the curve (IB) is subtracted from the integrated area under the curve 

(IA + IB) to get the integrated area of just the curve (IA) as shown in Fig. 13. For each 

sample’s spectral lines of interest, the IA with magnetic confinement is compared to the IA 

without magnetic confinement. For trace elements to see if emission intensity is statistically 

significant, IA must be greater than three times the square root of IB [96]. 

  

 

Figure 13. The integrated area under the curve (IB) is subtracted from the 

integrated area of the curve (IA + IB).  

IA

IB
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Chapter 4: Results 

 This chapter will discuss the results of the performance tests described in the 

previous chapter to evaluate the capacity of the proposed magnetic confinement apparatus 

for improving signal and detection performance of the Z-300 HH-LIBS. The emission 

intensities of the uranium, thorium, and iron lines are reported, with and without magnetic 

confinement, for all 11 soil samples. A principal component analysis provides insight into 

the variation of spectral enhancement due to magnetic confinement. This chapter will 

conclude with the correlation of trace elements in the Los Alamos National Laboratory 

certified soil samples with the benefit or detriment due to magnetic confinement. 

4.1. Iron (Fe) Lines Intensities 

 Table 6 shows the five iron lines, the 11 soil samples, and the percent change due 

to magnetic confinement of the integrated area of the spectral emission. 

Table 6. Percent increase due to magnetic confinement of the Fe spectral lines. 

 

Soil Sample 259.93 nm 273.96 nm 274.32 nm 274.69 nm 275.57 nm

GBW07013 144.23% 126.72% 82.41% 126.59% 135.08%

GBW07113 116.25% 115.20% 89.89% 112.56% 111.56%

GBW07311 42.82% 40.81% 35.48% 39.90% 39.96%

BCR2 18.84% 22.29% 28.17% 21.38% 7.13%

BHVO2 18.67% 20.38% 17.33% 20.17% 19.54%

AGV2 12.69% 12.44% 15.06% 11.14% 13.07%

GBW07110 15.41% 9.04% 17.83% 10.14% 11.44%

GBW07312 7.09% 9.19% 8.44% 9.61% 9.17%

JA1 -2.81% -5.42% -0.60% -5.50% -4.34%

JA2 -5.54% -8.78% -8.13% -8.22% -8.30%

GBW07104 -14.49% -18.47% -8.01% -17.00% -15.60%
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Spectral intensities from the BHVO2 sample were enhanced under magnetic 

confinement, as shown in Figs. 14A and B. BHVO2 is an average sample based upon its 

reaction to magnetic confinement. BHVO2 is an average reaction to magnetic confinement 

as compared to the other samples. The yellow arrows point to the iron lines of interest, 

however, the other three spectral peaks shown in Fig 14B are also iron spectral lines. 

BHVO2 has a large iron content at over 172,000 ppm. The five iron spectral lines without 

magnetic confinement enhancement are larger than other soil samples with smaller iron 

concentrations.  

  

A      B 

 

Figure 14. Spectral lines Fe II for sample BHVO2. (A) is the Fe II peak at 259.94 

nm. (B) are the Fe II peaks at 273.955, 274. 32, 274.69, and 275.57 nm. The average 

increase in the integrated peak area was 19.21%. 
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Unlike most samples tested, the spectral intensities from the GBW07104 sample shows 

no benefit due to magnetic confinement as shown in Fig. 15A and B. This is the first sample 

that has shown a disadvantage due to magnetic confinement. To ensure it was not an error, 

sample GBW07104 was tested a second time under magnetic confinement with similar 

negative results.  

A      B 

 

Figure 15. Spectral lines Fe II for sample GBW07104. (A) is the Fe II peak at 

259.94 nm. (B) are the Fe II peaks at 273.955, 274. 32, 274.69, and 275.57 nm. The 

average decrease in the integrated peak area was 15.08%. This sample showed 

the most decrease because of magnetic confinement. 
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 Sample GBWO7113 had one of the best reactions to magnetic confinement. The 

average spectral intensity increase was 111.62% as shown in Fig 16A and B. GBWO7113 

has one of the lowest concentrations of iron at only 44,831 ppm. In comparison to the other 

soil samples, the five iron spectral lines without magnetic confinement enhancement are 

small as a result. 

A      B 

 

Figure 16. Spectral lines Fe II for sample GBW07113. (A) is the Fe II peak at 

259.94 nm. (B) are the Fe II peaks at 273.955, 274. 32, 274.69, and 275.57 nm. 

The average increase in the integrated peak area was 111.62%.  
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4.2. Actinides 

4.2.1 Uranium Spectral Lines 

Uranium lines that were looked for based on previous studies [13,29,34,67,86], 

included U I 356.659 nm, U I 358.488 nm, U II 409.013 nm, U I 436.205 nm, U II 447.23 

nm, U I 502.738 nm, U I 591.57 nm, and U I 682.691 nm. Table 7 shows the resolution of 

the uranium lines by soil sample. A fully resolved peak shows a gaussian curve that is 

statistically significant. A mostly resolved peak is not statistically significant and the peak’s 

end points are overlapped with other spectral peaks. A partial peak is overlapped with other 

peaks, making one side of the peak unrecognizable. A partially resolved peak is more 

distorted than a mostly resolved peak.  

 

 

Table 7. Uranium spectral line resolution by soil sample. 

 

 



42 

 

The mostly resolved spectral peak of uranium at 436.21 nm is far from being 

statistically significant. Fig. 17A, B, and C show the 436.21 nm uranium line. Fig. 17A 

shows the macro of the magnetically confined spectral intensity. Fig. 17B shows the macro 

of the unconfined spectral intensity. Fig. 17C shows the micro of both the magnetically 

confined and unconfined spectral lines. The amount the magnetic confinement increased 

the spectral intensity cannot be quantified, because there is not an unconfined peak to base 

calculations.  

 

 

Figure 17. Uranium I line 436.21 nm of sample GBW07103. (A) is the macro of 

the magnetically confined line. (B) is the macro of the unconfined line. (C) is the 

micro of the two lines combined. 
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However, as shown in Fig. 18A and B, the amount the integrated area of the spectral 

emission line of uranium II at 409.01 nm increases because of magnetic confinement can 

be measured. The unconfined emission line has a slight peak at 409.01nm. The integrated 

area increased by 3.43 times under magnetic confinement. This peak is not statistically 

significant. The integrated area of the peak alone (IA) was 25.05 and the area below the 

curve (IB) was 409.2. Because IA is not greater than 3x √IB, the peak is not statistically 

significant. The reason why this peak is not statistically significant is that it did not rise 

high enough beyond its magnetically enhanced background. Even though the peak grew 

over 3x with magnetic confinement, the background grew even more. Had the magnetically 

 

Figure 18. Uranium II line 409.01 nm of sample GBW07103. (A) is the macro of 

the spectral intensity lines. (B) is the micro of the U II spectral line.  
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confined peak grown from near the same base as the iron lines did, then the peak could be 

shown to be statistically significant.   

4.2.2 Thorium Spectral Lines 

Thorium spectral lines were chosen based on their relative intensity from the NIST 

database [38]. Table 8 shows the selected spectral lines and the tested soil samples in 

descending order of thorium concentration. Like the uranium table, a fully resolved peak 

shows a gaussian curve that is statistically significant. A mostly resolved peak is not 

statistically significant and the peak’s end points are overlapped with other spectral peaks. 

A partial peak is overlapped with other peaks making one side of the peak unrecognizable. 

A partially resolved peak is more distorted than a mostly resolved peak. As the data was 

being calculated, it became obvious that neither the of the observed spectral lines at 645.73 

nm and 691.12 nm could have not been thorium lines, because theses spectral lines were 

observed in nearly all samples. Table 9 removes those two atomic lines and the samples 

that do not appear to have any thorium spectral emission peaks at the atomic lines studied. 

 

 

Table 8. Thorium spectral line resolution by soil sample. 
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The mostly resolved spectral peak of thorium at 576.06 nm is not statistically 

significant. Fig. 19A and B show the 576.06 nm thorium line. Fig. 19A shows the macro 

Table 9. Thorium spectral line resolution without atomic lines 645.73 nm and 

691.12 nm. 

 

 

 

 

Table 10. Thorium spectral line resolution without atomic lines 645.73nm and 

691.12 nm. 

 

 

 

 

Figure 19. Thorium I line 576.06 nm of sample GBW07103. (A) is the macro of the 

spectral intensity lines. (B) is the micro of the Th I spectral line. 
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of the spectral intensity while Fig 19B shows the micro of the emission line.  

From the AGV2 soil sample, a partially resolved peak of the thorium I spectral line at 

572.02 nm is shown in Fig. 20. 

 

4.2.3 Using the Ever-Bright Laser 

After calibrating the Catalina Scientific Spectrograph and setting the Q switch delay 

to 190 microseconds, data was collected using two soil samples that had high 

concentrations of actinides when compared to the other samples. Their concentrations are 

still low, as shown in Table 8. Magnetic confinement increased the spectral intensity as 

shown in Fig 21. However, it appears more difficult to identify specific peaks, possibly due 

to being in ambient air and not in an argon environment. Looking for uranium and thorium 

spectral lines was problematic in this experiment due to the actinide’s low concentration, 

 

Figure 20. Thorium I line 572.02 nm of sample AGV2. (A) is the macro of the 

spectral intensity lines. (B) is the micro of the Th I spectral line. 
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small spectral lines, and larger amount of background noise. Fig 21 shows the uranium 

spectral line at 409.01 nm going from the macro view of several peaks in Fig. 21A to the 

micro view of just the uranium II line. The magnetic confinement shows an increase in the 

spectral emission. The emission without magnetic confinement has no such increase in that 

same region. The integrated area of the uranium peak increased by 324% from the 

unconfined spectral intensity to the magnetically confined spectral intensity. This spectral 

line is large enough to be considered statistically significant because the area under the 

curve (IA +IB) minus the area below the curve (IB) is larger than three times the square root 

of the area below the curve. For this spectral emission IA = 50.25 and IB = 129. The square 

root of three times IB = 34.07, which is less than IA. This is the same spectral line that was 

determined not be statistically significant with the HH-LIBS. The increase of the spectral 

intensity is due to the laser plume created from a more powerful laser and closer proximity 

of the magnets to the plasma plume. 

 

Figure 21. (A) Uranium II line 409.01 nm of sample GBW07311. (A) is the macro 

of the spectral intensity lines. (B) is the micro of the U II spectral line. 
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4.3. Principal Component Analysis  

 Principal Component Analysis (PCA) provides a quantitative method to determine 

a correlation within the samples’ elemental composition and their spectral intensity with 

and without magnetic confinement. PCA shows which elements create the most variance 

between magnetically confined tests and unconfined tests. With most of the soil samples, 

magnetic confinement was a benefit to the spectral intensity. This was not the case with 

JA2. Fig. 22 shows the PCA of the soil sample JA2. The elements that are in principle 

component two are causing the separation of the magnetically confined test from the 

unconfined test.  Principle component one has more variance, therefore, a greater spread 

of the test. Principle component two is more interesting. 

 

Figure 22. Principal Component 2 shows the separation between the magnetically 

confined test and the unconfined test of soil sample JA2.  



49 

 

The loadings for principal component two show several atomic lines that contribute to 

the high variance between the magnetically confined test and the unconfined test as shown 

in Fig. 23. For soil sample JA2, the most variance comes from Co II found at 280.17nm, V 

II found at 279.43 nm, Cr II or Fe II found at 251.66 nm, and Fe I found at 588.88 nm. The 

cobalt lines may give insight to the negative response to magnetic confinement since cobalt 

has been shown to have an adverse reaction to magnetic confinement [77]. JA2 did the 

worst of the tested samples when looking at the entire spectrum. Correlating the benefit 

that the magnetic field had on the soil samples to the quantity of cobalt, iron, chromium, 

and vanadium shows that they all indeed have a negative correlation as shown in Table 10. 

 

Figure 23. Principal Component 2 showed the most variance with respect to 

magnetic containment. In sample JA2, the largest PC2 Loadings are Co II, V II, 

Cr II or Fe I and Fe I.  
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This is not a strong negative correlation. The greater the spectral intensity signal boosts of 

a soil sample, the smaller the quantity of these four elements will be.  The quantity of iron 

in the soil samples averages 91,575 ppm. It is easy to see why iron would influence the 

magnetic confinement tests. However, cobalt, vanadium, and chromium are all trace 

elements having a sum of about 200 ppm depending on the sample. The results of the PCA 

show that the variance between magnetically confined tests and magnetically unconfined 

tests is a result of the elements cobalt, vanadium, and chromium, as shown in Fig. 23. It is 

causation because the PCA showed that the trace elements showed the most variance 

between the magnetically confined tests and the unconfined tests. These trace elements and 

iron caused the variance. The correlation between magnetic confinement and the trace 

elements is also causation. The correlation is supported by the results of the PCA.  

A fair sample was GBW07312. It had the small increase in integrated area due to 

magnetic confinement for the entire spectrum and for the five iron lines of only 8.45%. 

Fig. 24 shows the PCA of the soil sample GBW07312. Like JA2, principal component two 

is more interesting than principal component one. As shown in Fig. 25, there are four 

Table 11. Negative correlating elements.  
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atomic lines that contribute to the variance in PC 2. The first spectral line is located at 

292.93 nm. It may be Fe I or Th I. There are several elements that could be associated with 

atomic line 396.53 nm. It may be Co I, Zr III, or Zn I.  A third spectral line, 393.26 nm, is 

a Fe I line, and a fourth spectral line, 396.13 nm, is a C I line. This sample does have carbon 

but not every sample has a recorded quantity of carbon. For the samples that have carbon, 

there is a strong negative correlation of r = -0.81 of carbon to the spectral increase, due to 

magnetic confinement. 

 

Figure 24. Principal Component 2 shows the separation between the magnetically 

confined tests and the unconfined tests more so than PC1 in soil sample 

GBW07312.  
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Even though PC 2 shows the largest difference between the magnetically confined 

tests and the unconfined tests, PC 1 should give insight as to why the magnetic confined 

tests are clustered on the PC 1 axis. As shown in Fig. 26, PC 1 is composed of Pr and Dy. 

These two elements create the most variance between the tests. From Fig. 24, most of the 

magnetically confined tests are grouped to the right, while the unconfined tests have a 

greater spread but are more weighted to the left. There is less than 12 ppm of these elements 

combined. If this small of a quantity could cause this variance, a larger quantity of these 

elements may show a more uniform split between the magnetically confined and 

unconfined tests. 

 

 

Figure 25. Principal Component 2 showed the most variance with respect to 

magnetic containment. In sample GBW07312, the largest PC 2 Loadings are C I, 

Fe I, Th I or Fe I, and Co I or Zr III or Zn I. 
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Magnetic confinement had a strong positive effect on soil sample GBW07113. Unlike 

the previous two samples, PC 1 shows a greater effect on the variance between the 

magnetically confined tests and the unconfined tests as shown in Fig 27. However, PC 2 

does show some separation with respect to magnetic confinement. Fig. 28A shows two 

atomic lines that are displayed to have the most variance in PC 1. They are Pr II 396.66 nm 

and Dy II 393.15. Fig. 28B shows six atomic lines that are displayed to have the most 

variance in PC 2. There are four thorium lines, a sodium line, an aluminum line, and a 

dysprosium line. 

 

 

Figure 26. Soil sample GBW07312 PC 1’s atomic lines are Pr II 396.66 nm and 

Dy II 393.15 nm.  
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Figure 27. Principal Component 1 shows the separation between the 

magnetically confined test and the unconfined test more so than PC2 in soil 

sample GBW07113. 
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As shown in Table 11, the Pearson coefficient, r value, of the spectral intensity of the 

five iron lines of the eleven samples with the principal components trace elements of 

dysprosium, thorium, and praseodymium in those soil samples. There is a strong positive 

correlation of r = 0.9 between dysprosium and increasing the spectral intensity of the 

 

Figure 28. Principal Components for soil sample 7113. (A) PC 1 has Pr II 396.66 

nm and Dy II 393.15 nm. (B) PC 2 has seven atomic lines. Na I 393.06, Th II 393.33, 

Al 396.15 nm, Th I 396.63, Dy II 396.83, Th I 589.06 nm, and Th I 489.63 nm. 
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studied iron lines.  The Pearson coefficient is r = 0.92 for the sum of the three elements Dy, 

Th, and Pr. Fig. 29 shows a high positive correlation between the sum of the trace elements 

Dy, Th, and Pr and the percent of spectral emission intensity increase due to magnetic 

confinement. There is a positive correlation between the lanthanides and actinides in the 

soil samples and the increase of spectral emission intensity due to magnetic confinement. 

Elements were also combined based on being magnetic, non-magnetic, and para magnetic. 

Table 11. Positive correlating elements. 

 

 

Figure 29. Sum of Dy, Th, and Pr verses the percent of spectral emission intensity 

increase due to magnetic confinement. 
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None of these combinations had a strong positive or negative correlation to the magnetic 

spectral intensity boost. Greater correlation was found from randomly combining elements. 

Fig. 30 shows the similarities between Fe in Fig. 30A and the trace elements Co and 

V in Fig. 30B. The sum of the three elements were not combined due to the quantity of Fe, 

which was three orders of magnitude greater than Co and V. 

Several correlations can be made between the elemental composition of the soil 

samples and the effect of magnetic confinement. For example, summing the lanthanides 

 

Figure 30. (A) Fe and (B) Co and V have negative correlations to the percent of 

spectral emission intensity increase due to magnetic confinement. 
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and actinides together with scandium and yttrium from group IIIB has a high correlation 

of r =0.90 to the increase of the integrated area of the spectral emission intensity. However, 

a high correlation does not guarantee causation. There was not a strong negative correlation 

of r < -0.80, with any of the combinations of magnetic, paramagnetic, and nonmagnetic 

elements. The closest combination of elements was Al, C, Fe, Mn, Mg, Na, and Ti which 

gave a Pearson coefficient of r = -0.53. The sum of these seven elements make up 20% of 

the soil samples on average and has no greater negative correlation than the trace element 

cobalt.    

 

 

 

. 
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Chapter 5: Conclusions 

5.1. Magnetic Confinement Apparatus for HH-LIBS 

The purpose of this research was to develop an apparatus for a HH-LIBS device that 

would amplify the intensity of iron, thorium, and uranium spectral lines through magnetic 

confinement. In particular, the goal was to develop an apparatus that was easy to use and 

adjustable so it could be used with other manufactured HH-LIBS. Current collection 

methods following a nuclear incident lack the ability to rapidly identify the collected 

material’s elemental composition. Previous research has demonstrated the benefits of 

magnetic confinement using benchtop LIBS, however, a benchtop LIBS is not portable, 

nor would it be practical in an austere environment following a nuclear incident. Previous 

research has also shown several ways to increase the spectral intensity of LIBS, but only 

magnetic confinement can be used immediately with a Commercial Off -The-Shelf (COTS) 

HH-LIBS without any modifications to the HH-LIBS. 

This research used a Z-300 HH-LIBS with certified soil samples from Los Alamos 

National Laboratory, and several permanent neodymium magnets. After many tests with 

magnet placement, an initial wooden prototype was built. The test with the Everbright 

Laser gave better results due to being a more powerful laser that created a lager plasma 

plume and a lager magnetic field from the manipulation of the magnetic containment 

apparatus.  

 

5.2. Principal Component Analysis 

Using the magnetic confinement apparatus, five iron lines were studied along with 

nine uranium lines and 19 thorium lines.  Though magnetic confinement for many of the 
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soil samples increased the spectral intensity, some of the spectral intensities decreased 

under magnetic confinement. Using PCA, dysprosium and praseodymium were shown to 

have the greatest positive effect on the spectral intensity due to magnetic confinement, 

while iron, cobalt, and vanadium were shown to have a negative effect on the spectral 

intensity due to magnetic confinement.  

 

5.3. Benefits of Magnetic Confinement  

In this study magnetic confinement has shown that it can increase the integrated 

spectral intensity by over 2x. Therefore, trace elements that are in smaller quantities will 

be magnified. The average increase of spectral emission intensity due to magnetic 

confinement in the five iron lines was 18.58%. Thorium atomic lines were shown to have 

increased emission intensity due to magnetic confinement. Soil samples with quantities as 

low as 4.83 ppm of uranium were shown to have increased emission intensity due to 

magnetic confinement.  

 

5.4. Conclusions 

From this research with the magnetic confinement apparatus and HH-LIBS, actinides 

can be accurately measured at a greater distance from a nuclear incident. Not only will this 

help analyze components from a nuclear event, but it will provide information to DoE, 

local officials, military leadership, and emergency response personnel. 

From this research, uranium spectral lines were found at levels below their previous 

limits of detection as low as 158 ppm [34]. This technique can be used by the military to 

discern actinides. Industries can use this technique to detect trace elements in metals that 
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would otherwise be unable to find. The Food and Drug Administration testing would 

benefit from this technique to discover trace and heavy elements in food and drug products 

to ensure these elements are not above acceptable consumer levels. 

 

5.5. Recommendations for Future Work 

Follow-on research with the magnetic containment apparatus and HH-LIBS should 

focus on the effects of doping soil samples with dysprosium, thorium, and praseodymium 

to increase the intensity of spectral emissions under magnetic confinement. Not only are 

Dy, Th, and Pr highly correlated to the increase of spectral emission intensity from 

magnetic confinement, but Dy, Th, and Pr were shown to have greatest impact on the 

variance between magnetically confined test and unconfined test. Dy, Th, and Pr doping is 

worth future study. 
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