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ABSTRACT 

Surface analysis in analytical chemistry is the technique that aims to 

characterize the composition and structure of the solid surface. It has been developed 

for many years as a powerful tool for analysis and quality management of materials 

with different features. Depth profiling is one of the surface analysis techniques that 

allows exploring the chemical information along the depth dimension.  Nowadays, 

polymers have become one of the most widely used materials in the world for a variety 

of different fields, because of the polymers’ various composition and structure result 

in their excellent properties. Since the performance of many applications relies on the 

surface properties of the polymer, surface characterization and analysis for 

composition and structure is becoming a more and more important for fundamental 

research as well as practical applications. 

Among the many techniques used for surface analysis of polymers, ambient 

mass spectrometry (AMS) has risen great attention in recent years. It allows the direct 

desorption and ionization under atmospheric pressure with minimum sample 

preparation, high sample throughput, and the ability to reveal elemental, molecular, 

structural, and isotopic information, making it extremely suited for polymer surface 

analysis. However, the conventional AMS ionization source can only perform surface 

desorption and lacks the ability for depth profiling.  

Herein, a micro-dielectric barrier discharge (µDBD) ionization source coupled 

with mass spectrometry is developed for fast surface analysis of solid samples, 

including polyethylene (PE), polyethylene glycol (PEG), and Cu. The fingerprint mass 

spectra of PE show a complex oxidation reaction occurs on the surface with the 
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interaction of the ambient plasma effluent. The dominating ionization mechanism is 

hydride abstraction reaction, thus leading to a series of fragment ions consist of PE 

backbones with oxygen whith a loss of hydrogen. The fingerprint mass spectra of PEG 

suggest that the decomposition of PEG ions is the major fragmentation mechanisms 

and a series of ions with C-O or C-C bond-cleavage observed with a mass spacing of 

44, corresponding to the mass of the PEG monomer (C2H4O). Furthermore, the 

produced erosion crater shows the potential for depth profiling analysis. However, the 

energy transfer pathways inside the µDBD and the underlying mechanisms for plasma-

sample interaction are not fully understood. Therefore, it is necessary to perform 

plasma diagnostics on µDBD to obtain critical information such as distribution of 

excited species, electron temperature, and gas temperature, etc.  

Optical emission spectroscopy (OES) imaging is often used for plasma 

diagnostics as it allows obtaining the distribution of excited species in the plasma, 

which can yield valuable insights into the energy distribution pathways as well as the 

access to the calculation of vibrational and rotational temperatures. Here in this study, 

a pushbroom hyperspectral imaging (Pb-HSI) OES system is used for its high sample 

throughput and multi-dimensional information accessibility.  

Spatial resolution improvement for Pb-HSI is beneficial in many instances, 

however, typical solutions suffer from the limitation of geometric extent, lowering 

light throughput, or reducing the field-of-view (FOV). Sub-pixel shifting (SPS) 

acquires higher-resolution images, compared to typical imaging approaches, from the 

deconvolution of low-resolution images acquired with a higher sampling rate. 



Texas Tech University, Songyue Shi, August 2019 
 

 

ix 
 

Furthermore, SPS is particularly suited for Pb-HSI due to its scanning nature. In this 

study, an SPS approach is developed and implemented on a Pb-HSI system for plasma 

optical emission spectroscopy. Preliminary results showed that a periodic 

deconvolution error was generated in the final SPS Pb-HSI images. The periodic error 

was traced back to random noise present in the raw/convoluted SPS data and its 

frequency displays an inverse relationship to the number of sub-pixel samples 

acquired. Computer modeled data allows studying the effect of varying the relative 

standard deviation (RSD) in the raw/convoluted SPS data on the final reconstructed 

SPS images and optimization of noise filtering. The resolution improvement of the 

optimized SPS Pb-HSI technique is evaluated by the USAF 1951 resolution target and 

an improvement of approximately two times in spatial resolution is observed. 

Typical spectral images, however, contain intensity maps that are integrated 

along the line-of-sight (LOS). A widespread method to extract the important radially 

resolved information is Abel’s inversion but most algorithms result in accumulation 

of error toward the plasma axial position, which is often the region of most interest. 

Here, a Fourier-transform based Abel’s inversion algorithm, which spreads the error 

evenly across the radial profile, is optimized for OES images collected on a Pb-HSI 

with SPS sampling algorithm. This method allows the reconstruction of the radial 

profile from the LOS emission images, and the SPS algorithm allows improved radial 

reconstruction fidelity from the increased number of data points. The accuracy and 

fidelity of the protocol are characterized and optimized with a software-based 3-

dimensional hyperspectral model datacube. A systematic study of the effects of 

varying levels of representative added noise, different noise filters, the number of data 
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points and cosine expansions used in the inversion, as well as the spatial intensity 

distribution shapes of the radial profile, are presented. Optimum conditions include: 

3D median noise filter with 3-pixel radius, as well as a minimum of 50 points and 8 

cosine expansions needed to keep the relative root mean squared error (rRMSE) <10%. 

The optimized protocol is implemented for the first time on optical emission spectral 

datacubes of the µDBD source obtained with the SPS Pb-HSI system and the extracted 

radially resolved emission maps of different plasma species.  

The radially resolved emission distribution of plasma species of (He I, N2, N2
+, 

He2, O I) and the calculated vibrational and rotational temperatures yield some insight 

into the energy transform pathways. The higher vibrational temperatures inside the 

capillary indicate that electron impact reactions are more significant there, where the 

excited helium species, including helium metastables (Hem
*) and helium dimer ions 

(He2
+), are generated. These excited helium particles are then carried out with the 

plasma effluent and react with the neutral nitrogen coming from the open air. The 

nitrogen is ionized and excited by Hem
* or He2

+. Recombination reactions are proposed 

to be the dominating mechanisms in the µDBD effluent exposed to the atmosphere 

where the excited neutral nitrogen species N2
* are formed from the N2

+ and free 

electrons. The exited helium dimer is also detected in the afterglow of the plasma, 

which has high enough energy to ionize or excite the neutral nitrogen gas, indicating 

another possible energy transfer pathway from the helium dimer to the ambient gas. 

The surface is believed to have a role as indicated by emission peaks at Cu sample 

surface, while absent with polymer samples or when the plasma effluent is not exposed 

to a sample surface.  The erosion crater characterization is also studied and compared 



Texas Tech University, Songyue Shi, August 2019 
 

 

xi 
 

with their corresponding emission profiles. There is a clear correlation between the 

crater width and the diameter of the N2
+ radially resolved emission profile, which 

indicates the nitrogen ion could play an important role in the surface erosion process 

via the µDBD jet. It is worth noting that the optimized Abel's Inversion algorithm as 

well as the proposed mechanisms here may be applicable to other atmospheric pressure 

plasma jets, for example for ones utilized for plasma-based ambient mass spectrometry.  
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CHAPTER I 

INTRODUCTION 

1.1 Surface analysis 

Surface analysis, in analytical chemistry, aims in great part to characterize the 

composition and structure of the solid interfaces. It has been developed for many years 

as a powerful tool for analysis and quality management of materials with different 

features and properties in many scientific research and industrial fields1, 2. The general 

principle of surface analysis is that the atoms on the sample surface are stimulated by 

an external source, such as a beam of photons, electrons, or ions3-5. The resulting 

species of interest, for example secondary electrons or ions, will be collected and 

analyzed for the sample surface composition and structure determination. Many 

techniques have been developed to perform surface analysis. X-ray photoelectron 

spectroscopy (XPS)6 and Auger electron spectroscopy (AES)7, 8 allow the ionization 

of the sample caused by either a photon or an electron, the energy and density of the 

emitted secondary electrons can be used to characterize the sample surface. Secondary 

ion mass spectrometry (SIMS)9 is another technique that uses a beam of primary ions 

to strike the sample surface and analyze the ejected secondary ions. However, these 

conventional techniques share some common disadvantages, such as the limited 

sample throughput is due to pixel-by-pixel rostering schemes, and requirements for 

high-vacuum or synchrotron radiation. 
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1.1.1 Polymer characterization in surface analysis 

Polymers are one of the most widely used materials in the modern world. They 

play an essential role in a variety of applications in daily life due to their wide range 

of properties10. Polymer coatings, or polymer thin films, have been applied to many 

fields such as anti-corrosion11, heat/humidity resistance12, 13, biomaterial 

modifications14, etc. It is one of the categories that surface analysis focuses on because 

the surface properties are critical in the functionality of polymer coatings. 

1.1.2 Depth profiling 

Depth profiling is a surface analysis technique that explores the composition 

and structure information of surfaces and interfaces as a function of depth. The depth 

information is particularly useful for the surface treatment/degradation 

characterization and thin-film analysis in material science15, including 

semiconductor16, photovoltaic device17, anti-reflection18, and polymer coatings19. 

Conventional surface analysis techniques available for depth profiling include 

XPS/AES and SIMS, which are usually used for sub-nanometer and nanometer scale 

analysis. XPS/AES are less sensitive but have less matrix effects, thus more suitable 

for the depth profiling for multiple layers20, 21, while SIMS is more sensitive but with 

lower depth resolution22. 

Another technique is glow discharge (GD) coupled to mass spectrometry 

(MS)23, 24 or optical emission spectroscopy (OES)25, 26, which allows rapid analysis 

with high sample throughput and high depth resolution. GD-MS can further provide 

isotopic information. The major limitation of the GD-based techniques is that the 
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lateral resolution in commercial systems is limited by the diameter of the sputtering 

chamber (~ mm range). 

Laser ablation couple with inductively coupled plasma mass spectrometry 

(LA-ICP-MS)27-29 has also been developed for depth profiling, which shows the 

advantages of  micrometer lateral and depth resolution, rapid single-spot analysis time, 

simultaneous acquisition of the elemental and isotopic information with minimum 

sample preparation. However, LA-ICP-MS lacks direct molecular/structural 

information and the instrumentation is expensive and complex. 

1.2 Ambient mass spectrometry  

1.2.1 AMS techniques for polymer characterization 

Among the polymer characterization techniques mentioned above, mass 

spectrometry detection, with the appropriate ionization source, has the advantages of 

obtaining more detailed information about the polymer sample including the chemical 

composition and structure of the monomers, end groups, average molecular weight, 

molecular weight distribution (MWD) and additives30-32. In recent years, ambient mass 

spectrometry is becoming a more and more powerful tool for surface analysis, a variety 

of ionization sources have been developed, including atmospheric pressure chemical 

ionization (APCI)33, desorption electrospray ionization (DESI)34, direct-analysis-in-

real-time (DART)35, and flowing atmospheric pressure afterglow (FAPA)36. Direct-

probe APCI has been proposed for surface analysis of polymer samples that are too 

complex or too large for the in-vacuum techniques37. DESI is a soft ionization source 

and usually multiply-charged polymer ions are observed, which are commonly used 
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for measuring the molecular weight and MWD, while limited structural information 

can be obtained directly due to the lack of fragment ions38. DART has been reported 

for the use of analyzing polymer additives in food packaging39, identifying the 

stabilizer in polyethylene40 or polypropylene41, and characterizing non-polar samples35. 

FAPA was used to obtain fingerprint mass spectra of polymers, which were further 

analyzed via principal component analysis (PCA) for composition identification36. 

However, these ambient techniques usually serve as a desorption/ionization source and 

lack the ability for depth profiling. 

1.2.2 µDBD-ICP-MS 

Recently, a micro size dielectric barrier discharge (µDBD) ionization source 

coupled with inductively coupled plasma mass spectrometry (ICP-MS) was proposed 

for depth profiling of metal thin films42. The µDBD is a helium-based ionization 

source composed of a fused silica capillary and two ring electrodes. The inner diameter 

of the capillary is 150 µm and the effluent of the plasma makes direct contact with the 

sample surface. Fig. 1.1a is the scanning electron microscope (SEM) photograph that 

shows a crater is formed with a diameter less than 10 µm with the ablation of the 

plasma for 30s on a Ta thin layer. Fig. 1.1b shows the cross-section profile of the crater 

a to c at increasing ablation time from 30, 90, and 240s, respectively, indicating not 

only desorption but also erosion occurs on the sample surface, which suggests the 

potential for depth profiling. The authors concluded that the proposed µDBD source 

has the advantages of high spatial resolution, and easy sampling for ICPMS. However, 

further studies are still needed to find out the reasons for the ablation, the energy 
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transfer pathways between plasma species, and the underlying mechanisms of the 

plasma/sample interaction.  

1.3 Plasma diagnostics 

In order to answer the questions mentioned above and obtain a better 

understanding of the µDBD, the plasma diagnostics is needed for the fundamental 

study. Plasma diagnostics is a technique that allows the measurement of the 

distribution of the emissions of the active plasma species, electron temperature and 

number density, and gas vibrational and rotational temperatures, etc43-46. While many 

plasma diagnostic techniques have been developed in recent decades, the plasma 

interactions are still far from being fully understood in detail, especially the plasma-

surface interaction. 

 
 

Figure 1.1 A) SEM photograph of a crater on a Ta thin layer sample ablated by LTP probe 
for 30s. B) Crater profiles across the central part of the crater at increasing time. a, b, and 
c is the profile of crater with ablation time of 30, 90, and 240 s, respectively. The distance 
of the end of the capillary to the ablation surface is about 10 mm. (Reprinted from Ref. 
42, Copyright (2010), with permission from the American Chemical Society). 
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1.3.1 Plasma diagnostic techniques 

Due to the importance and wide applications of plasmas, a variety of 

techniques have been developed for plasma diagnostics, including passive 

spectroscopy, active spectroscopy, and invasive probe methods. Passive spectroscopy 

measures the electromagnetic radiation emitted by the plasma species, the effect of 

Doppler broadening can be used to determine the electron temperature47, the effects of 

Stark broadening can be used to determine the particle density48, and the Zeeman effect 

can be used to characterize the magnetic field strength in the plasma49. Also, passive 

spectroscopy methods do not interfere with the plasma.  

Active spectroscopy methods, on the other hand, use an external source of 

radiation (mainly laser-based) to stimulate the plasma species. Laser-induced 

fluorescence spectroscopy can provide detailed information on number density, 

temperatures and flows, especially useful for the plasma that is not fully ionized but 

contains fluorescent sites50.  Charge exchange recombination spectroscopy (CXRS) is 

a powerful diagnostic tool that can yield information on the ion temperature and 

number density, as well as the electron density fluctuations and internal magnetic 

field51, 52. It is commonly used in very hot plasmas (fusion plasma) where the light 

elements are fully ionized and lack line emission. Thompson scattering measures the 

scattered laser light caused by the free electrons, the number density of free electrons 

in the plasma can be determined by the total intensity of the scattered light, and the 

electron temperature can be determined by the Doppler broadening of the scattered 

light49, 53, 54.  
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The most well-known invasive probe is the Langmuir probe, which is an active 

diagnostics method that makes direct contact with plasma and measures the electrical 

properties such as current-voltage correlation, and the electron temperature can be 

calculated accordingly55. However, other plasma properties such as plasma potential 

and the electron density involve sophisticated calculation and data processing.  

1.3.2 Optical emission spectroscopy 

Among those diagnostic technologies, optical emission spectroscopy (OES) 

shows particular interests because it measures the atomic and molecular emission out 

of the plasma directly without disturbing plasma operation43, 56, 57. OES collects 

emission from a wide range of wavelength and it is capable of simultaneous 

measurements for multiple elements. The high light throughput makes it a fast 

acquisition and analysis tool. Moreover, it is easy to use and does not require expensive 

experimental setup such as laser components. A typical OES system consist of light 

collection lenses, wavelength dispersion device (spectrograph or monochromator) and 

detector (photomultiplier tube or CCD/CMOS camera). The choice of a specific 

component is determined by the application.  
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1.3.2.1 Acquisition approaches of OES images 

There are two commonly used approaches for three-dimensional OES datacube 

acquisition: point scanning (also known as the whiskbroom method), and line scanning 

(also known as the pushbroom method)58. Fig. 1.2 shows the schematic of the 

whiskbroom scanning and pushbroom scanning approaches. The whiskbroom 

scanning collects the emission information one pixel at a time and other points are 

scanned in both x and y dimension to generate the hyperspectral imaging datacube. 

The disadvantages of whiskbroom scanning are low sample throughput and long 

acquisition time, and it requires advanced positioning device to ensure the repeatability 

of repositioning. In contrast, the pushbroom scanning approach collects emission from 

an entire line of pixels, only one-dimension scan is required, leading to a much faster 

analysis and precise imaging.  

 
Figure 1.2 Schematic of whiskbroom scanning and pushbroom scanning 
approaches used in the OES imaging system. 
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1.3.2.2 Spatial resolution enhancement 

One of the challenges using Pb-HSI is how to improve the spatial resolution. 

In a discrete array detector, i.e. ICCD, the spatial resolution is mainly limited by the 

sampling distance, which is no smaller than the pixel size of the detector in regular 

imaging. A typical solution for resolution improvement is to reduce the pixel size59. 

However, reducing pixel size will lower the intensity collected on each pixel, leading 

to a decrease in the signal response and a lower sensitivity. On the other hand, the size 

of pixels cannot be reduced infinitely, there will be a practical limitation. Image 

magnification is another commonly used solution60. The problem with magnification 

is that the field-of-view (FOV) decreases accordingly and typically results in lower 

light throughput as the magnification factor increases. Moreover, both of the solutions 

require the change of system (new detector or magnifying lenses needed), which will 

be time-consuming and costly.    

A new geometric super-resolution technique – sub-pixel shifting (SPS)- has 

been developed in recent years59-64. Instead of using sampling distance the same as the 

pixel size, the SPS approach uses a series of “low resolution” images, each shifted by 

a smaller displacement than the pixel size, to deconvolute into a “high resolution” 

image. The increase in the sampling frequency will lead to an improvement of the 

resolution along the shift dimension. This technique is based on the physical 

movement without changing the pixel size or adding magnifying lenses, therefore, a 

higher resolution will be achieved in the acquisition dimension without sacrificing the 

sensitivity, FOV and light throughput. However, it requires a scanning system and it 

takes longer acquisition time due to the smaller sampling distance. 



Texas Tech University, Songyue Shi, August 2019 
 

 

10 
 

1.3.3 Radially resolved emission 

It has been introduced in section 1.3.2 that the OES has many advantages for 

surface analysis studies. However, one of the major problems existing in the OES 

acquisition is that the array detector (i.e. CCD) used in the OES system integrates all 

the emission information along the light collection direction to the same point on the 

detector plane, the line-of-sight (LOS) measurement lacks the radially resolved 

information of the plasma65. Since the emission profile of the plasma source is not 

radially uniform, techniques to extract radially resolved information out of the 

emission source have been developed. One of the commonly used technique in plasma 

diagnostics is the computer tomography66, which places the plasma source at the center 

with several detectors surrounding it at different angles, or with a single detector but 

fixed on a rotating orbital surrounds the center source. Both methods allow the 

acquisition at different positions and the radial information will be reconstructed after 

data processing. The main advantage of computer tomography is that it allows radial 

reconstruction of sources that are not cylindrically symmetric. On the other hand, the 

disadvantages are that it requires extra instrumentation and data processing, making it 

costly and time-consuming. Moreover, some experiments do not allow the extra space 

required.   

1.3.4 Abel’s inversion 

Another method that allows obtaining the radially resolved information is 

Abel’s inversion, which allows the calculation of a set of radial emission profile points 

from a corresponding set of LOS emission profile data points65, 67-69. It requires a 
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cylindrical symmetry for the inversion to be performed correctly. Luckily, many of the 

plasma sources, including the µDBD used in this study, meet the symmetry 

requirement. The relationship between the LOS profile I(y) and radial profile i(r) can 

be converted to each other mathematically according to the following equations:  

𝐼(𝑦) = 2 ∫ 𝑖(𝑟)
𝑟

√𝑟2−𝑦2

𝑅

𝑦
𝑑𝑟 ,       (1.1) 

𝑖(𝑟) = −
1

𝜋
2 ∫

𝑑𝐼(𝑦)

𝑑𝑦

1

√𝑦2−𝑟2

𝑅

𝑟
𝑑𝑦 ,      (1.2) 

Where y is the LOS distance from the plasma center, r is the radial 

displacement from the axis, and R is the plasma source radius. Fig. 1.3 shows the 

schematic of the relationship between I(y) and i(r). The experimental measurement of 

the LOS profile I(y) provides a discrete set of data points. Thus, both the integration 

and the differentiation in Eq. 1.2 cannot be accessed directly. Several numerical 

methods have been developed to solve these problems and obtain the i(r) radial 

distribution.  

1.3.4.1 Conventional methods for Abel’s inversion 

Conventional numerical methods for Abel’s inversion, including the direct 

discretization65, one-dimensional convolution70, the Legendre polynomials 

approximations68, 69, and the Nestor-Olsen method67, 71, allow the deconvolution of the 

LOS profile from the edge to the axis, like “peeling an onion”. However, those 

methods meet some common challenges. First, the reconstruction accuracy depends 

on the first derivative of the LOS profile (dI(y)/dy), which will be affected by the error 

(plasma fluctuations and the measurement precision) during the acquisition. Second, 
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the linear deconvolution from the outer-most layer to the axial position of the plasma 

will cause the error accumulation from the edge to the axis, which may cause the 

highest error in the region of greatest interest. Third, as they are the numerical fitting 

algorithms, the number of points used for fitting is also important in order to minimize 

the fitting error.  

 

1.3.4.2 Fourier transform based Abel’s inversion 

An alternative numerical method for Abel’s inversion is based on the Fourier 

transform algorithm66, 72. The algorithm uses a series of cosine expansions by Fourier 

transform with various amplitude to express the undetermined radial profile, then the 

LOS profile is calculated by the Abel’ inversion (Eq. 1.1) accordingly. The equations 

 

Figure 1.3 The radial distribution i(r) cannot be measured directly, but 
only through the integral I(y) in the x-direction. (Reprinted from Ref. 
65, Copyright (2002), with permission from Elsevier). 
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of the LOS expansions are least-square-fitted into the measured LOS profile data 

points, the amplitude of each expand is calculated correspondingly. Compared with 

the conventional methods, this Fourier transform based Abel’s inversion algorithm 

shows advantages including derivative-free and minimum error accumulation to the 

profile center, showing a potential that it is particularly suitable for revealing the 

plasma properties at the axial positions. It also presents a noise-compressing nature 

because of the smooth cosine functions used for the Fourier transform. However, as a 

numerical fitting algorithm, the accuracy of the fitting is still limited by the number of 

data point used in the algorithm.  
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CHAPTER II 

EXPLORING ATMOSPHERIC PRESSURE 

MICRO-DIELECTRIC BARRIER DISCHARGE 

JET FOR DIRECT SOLID POLYMER SURFACE 

ANALYSIS 

Songyue Shi, Xiaoxia Gong, Dong Zhang, Yinglei Pu, Gerardo Gamez 

 

 

2.1 Introduction 

Polymers are one of the most commonly used materials in the world for a wide 

range of applications because of the difference in the polymer composition and 

structure leads to a variety of properties10, 73. Nowadays, many of the applications rely 

on the surface structure or properties of the polymer. Polymer coatings, or polymer 

thin films, have been applied to many fields such as anti-corrosion11, heat/humidity 

resistance12, 13, biomaterial modifications14, etc.  Therefore, surface characterization 

and analysis for composition and structure is becoming a critical issue for fundamental 

study as well as the practical applications. 

 Conventional techniques for surface analysis, such as X-ray photoelectron 

spectroscopy (XPS)6, auger electron spectroscopy (AES)7, 8, and secondary ion mass 

spectrometry (SIMS), have some common disadvantages such as the requirement of 

high vacuum or synchrotron radiation, and the low throughput leads to a long 

acquisition time. Another technique is glow discharge (GD) coupled to mass 

spectrometry (MS)23, 24 or optical emission spectroscopy (OES)25, 26, which allows 

rapid analysis with high sample throughput and high depth resolution. GD-MS can 

further provide isotopic information. The major limitation of the GD-based techniques 
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is that the lateral resolution in commercial systems is limited by the diameter of the 

sputtering chamber (~ mm range). Laser ablation couple with inductively coupled 

plasma mass spectrometry (LA-ICP-MS)27-29 has also been developed for depth 

profiling, which shows the advantages of  micrometer lateral and depth resolution, 

rapid single-spot analysis time, simultaneous acquisition of the elemental and isotopic 

information with minimum sample preparation. However, LA-ICP-MS lacks direct 

molecular/structural information and the instrumentation is expensive and complex. 

In recent years, the ambient mass spectrometry (AMS)9 has raised more and 

more attention for direct polymer analysis. Compared with other techniques, AMS has 

high sample throughput, the sampling process is under ambient pressure to perform 

direct analysis with minimum sample preparation. It also has the ability to characterize 

the chemical composition and structure of repeating units, average molecular weight, 

end groups, and additives73. A variety of ambient ionization sources, including 

atmospheric pressure chemical ionization (APCI)33, desorption electrospray ionization 

(DESI)34, direct-analysis-in-real-time (DART)35, and flowing atmospheric pressure 

afterglow (FAPA)36, have been developed. Direct-probe APCI has been proposed for 

surface analysis of polymer samples that are too complex or too large for the in-

vacuum techniques37. DESI is a soft ionization source and usually multiply-charged 

polymer ions are observed, which are commonly used for measuring the molecular 

weight and MWD, while limited structural information can be obtained directly due 

to the lack of fragment ions38. DART has been reported for the use of analyzing 

polymer additives in food packaging39, identifying the stabilizer in polyethylene40 or 

polypropylene41, and characterizing non-polar samples35. FAPA was used to obtain 
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fingerprint mass spectra of polymers, which were further analyzed via principal 

component analysis (PCA) for composition identification36. However, these ambient 

techniques usually serve as a desorption/ionization source and lack the ability for depth 

profiling. 

In recent years, a micro size dielectric barrier discharge (µDBD) ionization 

source coupled with ICP-MS was proposed for depth profiling of multidimensional 

mapping of metal thin films characterization with the advantages of high spatial 

resolution, rapid-analysis, and ease of implementation42.  

Here, we explore the possibility of µDBD-AMS for polymer analysis and 

depth profiling. The bulk materials of two polymer categories, including polyethylene 

(PE) and polyethylene glycol (PEG), are used for the proof-of-principle study. The 

fingerprint mass spectra of low-density polyethylene (LDPE), high-molecular-weight 

polyethylene (HMPE), and PEG 4000 are obtained with the µDBD coupled to linear 

ion trap mass spectrometer. The possible fragmentation and ionization mechanisms 

are also proposed based on the characteristic m/z peaks.  
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2.2 Experimental  

2.2.1 Atmospheric pressure dielectric barrier discharge 

A micro-dielectric barrier discharge (µDBD) was used as the ionization source, 

shown in Fig. 2.1. The µDBD was composed of two aluminum foil ring electrodes 

separated by an inter-electrode distance of 6 mm. They were coaxially wrapped around 

a fused silica capillary (5 cm long, 150 µm i.d. and 360 µm o.d., Polymicro 

Technologies, USA). The polymer coating of the capillary was removed by thermal 

treatment. The power-electrode was placed closer to the capillary tip at a distance of 5 

mm. The sample was fixed on an independent X-Y-Z stage (Model A, Line Tool Co. 

USA). The effluent of the plasma made direct contact with the sample surface 

perpendicularly. The tip-to-sample distance was set to 1 mm. The helium discharge 

 
Figure 2.1 The schematic of the µDBD geometry and operating 
conditions.  
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gas (99.999% purity, Ultra High Purity 5.0 Grade Helium, Airgas, USA) was 

introduced through a mass flow controller (EW-32907-67, Cole-Parmer, USA) and the 

flow rate was set from 0.1 to 0.4 L/min. The plasma was generated by an alternating 

current (AC) plasma generator (PVM500, Information Unlimited, USA). The 

frequency was set to 30 kHz and the applied voltage was set to 8 kV.  

2.2.2 Materials 

Two categories of polymers were used in the experiments, including 

polyethylene (PE) and polyethylene glycol (PEG). All the polyethylene samples, 

including low-density polyethylene (LDPE, density: 0.92 g/cm3, melting point: 

~110 °C) and high molecular-weight polyethylene (HMPE, density 0.93 g/cm3, 

melting point: ~133 °C) were obtained from Boedeker Plastic Inc. (Texas, USA). They 

were cut into small blocks (L × W × H = 2 cm × 1 cm × 1 cm) and the smooth surfaces 

were cleaned with methanol/water mixture (V:V= 50:50) for analysis. The 

polyethylene glycol pellet (PEG 4000, molar mass: 3500-4000 g/mol, melting point: 

~56 °C) was obtained from Millipore Sigma (Massachusetts, USA) and pretreated with 

methanol/water mixture (V:V= 50:50).  

2.2.3 Mass spectrometry 

All analyses were performed using a Thermo Scientific LTQ XL Linear Ion 

Trap mass spectrometer coupled with the lab-made µDBD ionization source. The 

build-in electrospray ionization source and the sweep cone were removed. The plasma 

effluent/sample surface was set to be 4 mm away from the inlet of the sampling 
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capillary of the mass spectrometer. The capillary temperature was set to 80 °C and the 

normal scan mode was selected for mass spectra acquisition. 

2.3 Results and discussion 

2.3.1 Polyethylene 

 Fig. 2.2 shows the mass spectrum of the LDPE sample with m/z ranges from 

60-200. No protonated molecular ion ([M+H]+) was detected. It is commonly agreed 

that like alkanes, polyethylene does not get ionized through proton transfer from 

protonated water or water clusters, due to the lower proton affinity35. Instead, it is 

proposed that the complex mass spectrum contains a series of peaks representing the 

oxidation products, including [Mn+O-H]+, [Mn+2O-H]+, and [Mn+3O-H]+, etc, where 

Mn is defined as the section of PE that contains n carbon atoms40. The hydrogen-loss 

ions are formed through hydride abstraction reactions. Hydride abstraction ions are 

 

Figure 2.2  Full scan mass spectra of LDPE with 8 kV applied voltage and 0.4 L/min flow 
rate. The LDPE fragments are represented by Mn, where n is the number of carbon atoms 
in the fragment ions.  
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commonly observed in the mass spectra of alkanes in the chemical ionization or 

ambient ionization source such as DART with methane or with NO+74, 75:  

M + R-CH2
+ → [M-H]+ + R-CH3    (2.1) 

M + NO+→ [M-H]+ + HNO     (2.2) 

 The oxidation ions of LDPE are proposed to be formed through the oxidation 

degradation process76-78. Fouyer. et al illustrated the degradation of PE via a simplified 

scheme containing the major reaction steps40, shown in Fig. 2.3. The heating process 

will accelerate the homolytic cleavage of the C-H bond, leading to a product of carbon-

centered radical, which reacts with oxygen from the atmosphere and the peroxyl 

radical product will then convert to a hydroperoxide group by an intermolecular 

 

Figure 2.3 Simplified scheme of the proposed mechanisms for oxidation 
degradation of polyethylene.  
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hydride abstraction. Furthermore, the ionized products containing the oxygen will be 

produced through the β-scission of the hydroperoxide alkoxyl radicals. Thus, the 

characteristic odd-numbered mass-to-charge ratios, oxygen-containing, and hydrogen-

loss ions are observed in the mass spectrum. The mass spectrum of HMPE (Fig. 2.4) 

also shows a series of oxidation ions with a loss of hydrogen through the same 

proposed fragmentation and ionization mechanisms. However, compared with the 

LDPE, the mass spectra of HMPE shows more oxygen atoms in the fragment ions 

([Mn+3O-H]+), especially in the lower mass range (m/z < 120). The major difference 

between LDPE and HMPE is that LDPE has more branches, suggesting that even with 

the same molecular weight, the branches in the LDPE fragments prevent further 

oxidation onto the same ion due to the steric hindrance. Meanwhile, the longer chain 

 

Figure 2.4 Full scan mass spectra of HMPE with 8 kV applied voltage and 0.4 L/min flow 
rate. The HMPE fragments are represented by Mn, where n is the number of carbon atoms 
in the fragment ions.  
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in the HMPE allows the space for the reaction to occur at multiple sites on the same 

fragment ion.  

2.3.2 Polyethylene Glycol 

 Fig. 2.5 shows the mass spectrum of PEG, which contains several groups of  

peaks that are characteristically spaced by 44 m/z. The regular spacing reflects the 

mass of the monomer unit of PEG: -(C2H4O)-. Compared with the PE products, the 

most significant difference is that the presence of oxygen atoms in the PEG molecules 

makes the proton affinity higher than the protonated water or water clusters, thus both 

the M+ and [M+H]+ can be observed79, 80, shown as group an and bn in Fig. 2.5, 

respectively, where n represents the number of carbon atoms in the fragmented ions. 

It has been reported that the protonated PEG ions undergo both direct and sequential 

 
Figure 2.5 Full scan mass spectra of PEG (4000) with 8 kV applied voltage and 0.4 L/min 
flow rate. The PEG fragments are represented by Mn, where n is the number of carbon 
atoms in the fragment ions.  
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dissociation79. Although those proposed studies are based on the fragmentation 

patterns and the theoretical mechanisms are still not completely understood, it has been 

commonly recognized that the sequential peaks are the fragment ions, which are the 

products of the decomposition reactions. Fig. 2.6 summarizes the proposed 

mechanisms of the decomposition process and the fragmentation of group cn ([M+H-

18]+). A C-O bond cleavage occurs at the protonated position of the protonated ion 

[M+H]+ , and produces a primary carbocation ([M+H-18]+) and a neutral fragment, 

both with shorter chain lengths. The primary carbocation may undergo two different 

reaction pathways. Fig. 2.6a shows the sequential dissociation involves the formation 

of a positively charged oxygen atom in a 6-atom or 3-atom cycle. The C-O bond 

cleavage yields a secondary carbocation ([M+H-18]+) with less repeating units. Fig. 

2.6b. shows another possible pathway that the sequential dissociation involves the 

formation of an oxonium ion intermediate that is produced through a rapid 1,2-hydride 

shift rearrangement. The C-O bond cleavage yields a secondary carbocation ([M+H-

18]+) with a loss of acetaldehyde. Similar products have been reported in the mass 

spectra of Li+PEG and Na+PEG studies81. The presence of group dn ([Mn+H-32]+) and 

en ([Mn-14]+) indicates a loss of m/z=14 (-CH2-) occurs with the group cn ([M+H]+-18) 

and an ([M]+), respectively. Here, it is predicted that instead of the C-O band cleavage, 

a C-C cleavage occurs adjacent to the oxygen atom, yielding a loss of an additional 14 

m/z. However, further MSn experiments are needed for the conclusive identification 

of the fragment ions.  
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2.4 Conclusion 

In summary, the mass spectra of the polymer sample are successfully obtained 

via the µDBD-AMS method and it is proven to be useful for direct surface polymer 

analysis. The mass spectral information of PE indicates a complex oxidation reaction 

occurs on the surface with the assist of ambient plasma. The hydride abstraction 

dominates the ionization process, thus producing ions with loss of hydrogen atoms. 

The mass spectrum of PEG indicates the decomposition of protonated PEG ions is the 

major fragmentation mechanisms and a series of C-O or C-C bond-cleavage ions are 

detected with a mass spacing of 44, corresponding to the mass size of the repeating 

unit. Furthermore, the crater formation shows the potential for depth profiling analysis. 

Future studies including thin-film polymer characterization and plasma diagnostics are 

 

Figure 2.6  Simplified scheme of the decomposition mechanisms of PEG ions via the formation 
of a primary carbocation and the sequential reactions via a) cyclic intermediate, and b) oxonium 
ion through 1,2-hydride shift. All the decomposition reactions yield a ([Mn+H-18]+) ion, where n 
is the number of carbon atoms in the fragment ions, corresponding to the group c in Fig. 2.5. 
 

a b 
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needed to determine the depth resolution capabilities and gain insights into underlying 

mechanisms of the plasma/polymer interaction.  
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CHAPTER III 

GEOMETRIC SUPER-RESOLUTION ON PUSH-

BROOM HYPERSPECTRAL IMAGING FOR PLASMA 

OPTICAL EMISSION SPECTROSCOPY 

Songyue Shi, Xiaoxia Gong, Yan Mu, Kevin Finch, and Gerardo Gamez  

Published in J. Anal. At. Spectrom., 2018,33, 1745-1752  

 

3.1 Introduction 

Hyperspectral imaging (HSI) allows collecting two-dimensional image 

scenes with spectral information at every pixel. Thus, it is widely used for 

obtaining spatially resolved chemical information for applications including 

remote sensing,82-84 archaeology,85 agriculture,86 military,87, 88 documentation89, 

forensic science,90, 91 food analysis,58, 86, 92, 93 and chemical imaging.94, 95  One of 

the typical challenges in HSI is improving spatial resolution. In the case where 

the resolution is not diffraction limited, the spatial resolution is mainly limited 

by the sampling rate, which in a discrete array detector, i.e. ICCD camera, is 

equivalent to the distance between detecting element centers and it typically 

defines the pixel size in conventional imaging. A usual standard solution for 

resolution improvement is to reduce the detecting element size. However, 

reducing the detecting element size will lower the geometric extent, thus 

lowering the light throughput. In addition, reducing the detecting element size 

becomes impractical after a certain point.  Alternatively, image magnification is 

another commonly implemented solution. The drawbacks of image 

magnification are that the field-of-view (FOV) decreases accordingly and the 
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numerical aperture of the optics is typically reduced. Moreover, the hardware 

costs may prove to be limiting.   

On the other hand, sub-pixel shifting (SPS), a geometric super-resolution 

technique, has been developed in recent years.59, 61-64 In essence, it is 

implemented by scanning the image over the array detector by a fraction of the 

conventional pixel size, thus overcoming conventional limitations by using a 

higher sampling rate and yielding a higher resolution image.  The concept of 

SPS is better illustrated if we assume the object to be imaged has circular 

symmetry, as shown in Fig. 3.1a, and its diameter is equal to the pixel size. In 

regular imaging, the sampling distance/pixel size is set by the distance between 

detecting element centers. thus, when the object’s image is scanned over the 

pixel the detected signal intensity would correspond to that in Fig. 3.1c, which 

shows that not much about the shape of the object can be resolved, except that 

it can be contained within the pixel size. in contrast, the sub-pixel shifting 

procedure shown in Fig. 3.1b allows the sampling distance to be set to a fraction 

of the pixel width, in this case, a 1/3 of the pixel size. the detected convoluted 

sub-pixel shifted signal profile is shown in Fig. 3.1d. then, the sub-pixel signal 

can be deconvoluted by subtracting the shaded area, and the resulting higher 

resolution intensity profile can be seen in Fig. 3.1e. it is evident that more 

information about the shape of the object can be extracted because of the sub-

pixel shifting method without the disadvantages of reducing the detector 

element size or magnification, as described above. however, it does require an 

image scanning system and a longer acquisition time. 
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 A push-broom HSI (Pb-HSI) system is used in our laboratory for plasma 

optical emission spectroscopy (OES) because of its fast acquisition and high 

light throughput. Pb-HSI is a line scanning system which allows collecting 

information of one spatial dimension (y) and the spectral (λ) dimension 

simultaneously, while scanning the other spatial dimension (x) to complete the 

hyperspectral datacube. The spatial resolution in Pb-HSI system is still limited 

by the sampling distance, in this case, scan step/camera pixel size, mentioned 

above. Due to the scanning nature, however, the Pb-HSI is especially well suited 

for SPS. In addition, typical shortcomings of magnification approaches can be 

avoided, particularly a smaller FOV, which is significantly important given our 

plasma sources of interest require a larger FOV in the height dimension (y) vs. 

the width dimension (x). 

In this study, we present the implementation of sub-pixel shifting on a 

Pb-HSI system. Also, the effects of noise on the acquired images on the resulting 

SPS deconvolution is characterized. The designed models allow for the error 

characterization of the SPS algorithm implemented with different levels of 

white Gaussian noise to be reported for the first time. Several noise filtering 

schemes are compared and optimized based on the images of a resolution target. 

In addition, several proof-of-principle SPS plasma OES images are obtained. 

The implementation of the SPS algorithm to the Pb-HSI allows for the super-

spatial-resolution of plasma OES to be reported for the first time. The optimized 

SPS approach will be implemented applied in a future study for extracting 

radially resolved plasma OES maps from line-of-sight images, to obtain higher 
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resolution and an increased number of data points for better performance from 

Abel’s inversion fitting protocols along the dimension of interest. 

3.2 Experimental 

3.2.1 The push-broom hyperspectral imaging system 

The PBHSI system here is described by Kroschk et al 96. In short, the 

light collection optics include collimating and focusing triplet lenses 

(CaF2/fused silica/CaF2, 100 mm nominal focal length, Bernhard-Halle GmBH, 

Germany), and a 90-degree turning plane mirror in between. The mirror and 

focusing lens are mounted on a linear motorized stage (MTS50-Z8, Thorlabs 

Ltd., UK), allowing the scan of the image across the entrance slit of the 

Figure 3.1 Illustration of the sub-pixel shifting (SPS) concept with scanning 
acquisition. In regular imaging (a) sampling distance is limited by the pixel size, color 
box width, and leads to intensity profile (c). In contrast, SPS imaging (b) uses a smaller 
sampling distance compared to the pixel size, and the acquired convoluted signal (d) 
is used to reconstruct the higher resolution intensity profile (e).
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spectrograph (x-dimension). The motorized stage has bidirectional repeatability 

of 1.6 µm in a 50 mm travel range, therefore, the minimum scan step here was 

set to 2 µm. The spatial resolution of the PB-HSI system was characterized at 

560 nm center wavelength with a USAF 1951 negative target (R3L3S1N, 

Thorlabs Ltd. UK) and a white LED table lamp light source passed through two 

consecutive ground glass diffusers (DG100X100-220 and DG100X100-600, 

Thorlabs Ltd., UK) to improve the field homogeneity. 

The spectrograph (IsoPlane SCT 320, Princeton Instruments, USA) has 

a 327 mm focal length with a 300 g/mm grating (9.77 nm/mm linear dispersion 

and f/4.6 aperture ratio). The entrance slit has a maximum height of 13 mm and 

a minimum width of 10 µm. An ICCD camera (iStar 334T, Thorlabs Ltd., UK) 

with 1024 × 1024 pixels, 13 × 13 µm pixel size, was operated in the gain range 

from 750 to 2750, with 15 on-chip accumulations and 0.1s gate duration. A 

homemade LabVIEW program previously described96 was used for automated 

acquisition and the corresponding hyperspectral datacubes were reoriented and 

displayed in ImageJ.97 The motorized stage was moved in a stepwise mode, as 

opposed to continuously, such that the stage was stationary during the ICCD 

spectral acquisition at each adjacent motor position. The slit width (pixel size) 

was set to 10 µm. The motorized stage scan step (x-dimension) was set to 10 

µm for regular imaging or 2 µm for sub-pixel shifting measurements.  
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3.2.2 Sub-pixel shifting 

The theory of sub-pixel shifting is described by Pernechele and Yang et 

al 63, 64. Essentially, when performing regular imaging with a discrete array 

detector, i.e. an ICCD camera, the resolution is in great part limited by the 

sampling distance. Assuming that the true signal intensity profile along a 

certain spatial axis (i.e. x dimension) is represented by a function ( )f x . The 

detected signal intensity can then be expressed by:  

   
( 1)

( ) ( ) , 0,1,..., 1
n d

R
nd

F n f x dx n N
+

= = −               (3.1) 

Where d represents the sampling distance, n corresponds to the pixel number, 

and N is the total number of pixels. ( )RF n represents the intensity of the signal 

acquired at the (n+1)th pixel. In an array detector, the sampling distance, or distance 

between the center of adjacent detector elements, defines the pixel size of the detected 

image, thus limiting the spatial resolution (Fig. 1a and 1c). The sub-pixel shifting 

method introduces a fixed smaller (sub-pixel) sampling distance as p=d/K, where K is 

the SPS coefficient (integer), i.e. the number of sub-pixel steps (Fig. 1b). Thus,  

( 1)

( ) ( ) , 0,1,..., 1, 0,1,..., 1
n d kp

SPS k
nd kp

F n f x dx k K n N
+ +

+
= = − = −  (3.2) 

where ( )SPS kF n is the detected signal at the (n+1)th pixel of the kth acquisition. 

The sub-pixel shifted acquisition increases the sampling rate by K times, thus the 

spatial resolution will be improved if ( )SPS kF n is used for reconstructing the true image. 
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The improved resolution should be equivalent to having an ideal array detector with a 

smaller pixel size d/K with a detected intensity function:  

( 1) /

/
( ) ( ) , 0,1,..., 1

m d K

i
md K

F m f x dx m K
+

= = −     (3.3) 

Where m is the number of the smaller pixel, thus m = nK. However, a single 

sub-pixel shifted image is still the result of the convolution of K sub-pixel images (Fig. 

1d). To calculate the deconvoluted signal equivalent to ( )iF m from the actual acquired 

sub-pixel shifted signal ( )SPSF n , equation (2) and (3) can be rewritten as:  

( 1) 1

( ) ( ), 0,1,..., 1, 0,1,..., 1
n K k

SPS i

m nK k

F n F m k K n N
+ − +

= +

= = − = −   (3.4)                                                                                       

Then, the relationship between ( )SPS kF n and ( )iF m can be expanded as:  

( ) ( 1) ( ) ( )i SPS SPS iF m K F m F m F m+ = + − +     (3.5) 

In the case where the first K values of sub-pixel shifted data (equivalent to 

(0), (1),..., ( 1)i i iF F F K − ) are known, the whole sub-pixel shifted image ( )SPS kF n  can 

be deconvoluted into the higher resolution image ( )iF m (Fig. 1e).  

3.2.3 Sub-pixel shifting algorithm performance characterization 

The deconvolution efficiency, resolution improvement, and error 

robustness of the SPS algorithm were characterized using model data of a 

resolution target intensity profile and a representative plasma optical emission 

intensity profile created in MATLAB (R2017a, The Math Works, Inc., USA) of 

Windows system (Windows 10 Pro, 64-bit operating system; Intel(R) Core(TM) 
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i5-3230M CPU@2.60GHz processor and 16 GB RAM). The noise-free target 

intensity profile shape is representative of the cross-section of the USAF 1951 

negative resolution target. The background intensity was set to 0 and signal 

intensities were set to 900 and 6000, to simulate the dark-field background and 

the bright field of target lines measured with the Pb-HSI system. The line pair 

width was adjusted to represent target elements with line frequencies ranging 

from group 2/element 1 (4 line-pairs/mm) to group 6/element 6 (114 line-

pairs/mm). 

The representative model plasma optical emission data was chosen to 

reflect a line-of-sight integrated profile with a lower intensity at the axial 

position, as observed in many plasma OES images:67  

2 2 4 68
( ) ( 1 )(19 34 125 72 ), 0

105
f x x x x x for x N= − + − +               (3.6) 

where N is the total number of data points across the profile, and x is the 

datapoint index.  

Simulation of regular imaging (Eq. 3.1, slit width/pixel size = 10 µm, 

scan step/sampling distance = 10 µm) and sub-pixel shifted imaging (Eq. 3.2, 

slit width/pixel size = 10 µm, scan step/sampling distance = 2 µm) was 

performed with model data along the x dimension, 1 data point every 1 µm. 

Thus, 10 data points of the simulated “true” image profile were integrated into 

one pixel in accordance with the given slit width/pixel size of 10 µm. Sub-pixel 

shifted image deconvolution was achieved by using K=5, according to the 

sampling distance (p = d/K, 2 µm = 10 µm/5) and Eq. 3.5. 
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3.2.4 Error characterization and noise filtering 

The noise in the images acquired with the Pb-HSI system was 

characterized by calculating the standard deviation of three images taken with 

the same plasma operation conditions. The noise was added into the model 

intensity profiles to better simulate the images taken with the push-broom HSI 

system. The added noise follows a Gaussian (normal) distribution and is 

produced with a random number generator function in MATLAB. The noise 

was first added to the simulated signal after the slit width/pixel size convolution, 

and its amplitude was varied from 0.45% to 27% relative standard deviation 

(RSD).  The SPS deconvolution was then performed on the noisy-profiles and 

its residual with respect to the noise-free original signal was calculated. In 

addition, noise power spectra were obtained from simulated SPS intensity 

profiles vs those acquired with the PB-HSI system. The noise in the SPS 

deconvoluted model images was minimized with an optimized lowpass filter 

and its performance was compared with an optimized notch filter. The 

optimized noise filter was then used in the reconstruction of the experimentally 

obtained SPS Pb-HSI images. The number of dimensions is important for the 

total data processing time. In the present study, the data processing (including 

convolution, deconvolution, and noise filtering) of the resolution target and 

representative plasma model uses the cross-section profile of the model data, so 

it is a 1D array. The resolution target and plasma OES images are 2D 

monochromatic images extracted from the datacube at selected wavelengths. 
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Thus, data processing (including deconvolution and noise filtering) are based on 

the 2D matrix.  

3.2.5 Atmospheric pressure dielectric barrier discharge 

The optimized SPS Pb-HSI protocol was used for acquiring plasma OES 

images from a micro-size dielectric barrier discharge (µDBD). Helium gas with 

a purity of 99.999% was used for discharge gas (Ultra High Purity 5.0 Grade 

Helium, Airgas, USA) and the flow rate was set to 0.400 L/min. An applied AC 

voltage of 6-8 kV at 30 kHz (PVM500, Information Unlimited, USA) was used 

to generate the discharge in a fused silica capillary (150 µm i.d. and 360 µm 

o.d., Polymicro Technologies, USA). The aluminum foil ring electrodes were 

placed co-axially outside of the capillary separated by 5 mm. The power 

electrode was placed 5 mm away from the capillary tip, which was set 1 mm 

away from the copper block sample surface. 

3.3 Results and discussion 

3.3.1 SPS of noise-free resolution target model data 

A model intensity profile that simulates intensity changes across an element 

of a 1951 USAF target (six 6 μm-wide square peaks separated by 6 μm) was 

first used to assess the performance of the sub-pixel shifting algorithm. Fig. 3.2 

shows the original model data, with 1 data point every μm, and the resulting 

profiles when sampled with a pixel size of 10 μm, to simulate the Pb-HSI 

system’s slit width. When typical imaging/sampling is used (w/o SPS), i.e. one 

sample every 10 μm, it is evident that the features cannot be resolved.  On the 
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other hand, the SPS imaging protocol, i.e. one sample every 2 μm, allows 

resolving the features of the original model data, even when the pixel size is 10 

μm. These results can be understood in terms of the Shannon-Nyquist theorem, 

where the sampling rate must be more than twice as high as the frequency of the 

signal of interest to maintain fidelity. Furthermore, it shows the SPS algorithm 

is accurate.  

 

3.3.2 SPS Pb-HSI plasma OES image 

The next step was to implement the SPS imaging experimentally on the 

Pb-HSI system. For this purpose, the optical emission images of an atmospheric 

pressure µ-DBD were obtained. Fig. 3.3a shows the raw SPS µ-DBD image, 

Figure 3.2    Model intensity profile (blue) with a data point every 1 μm. 
The typical imaging, with a sampling rate every 10 μm, cannot resolve the 
features (red). The SPS imaging protocol, with a sampling rate every 2 μm, 
can clearly resolve the original model data features (yellow).
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with 10 µm spectrograph slit width and 2 µm scanning step size, of the N2
+ 

emission at 391 nm (note the different scales for x and y-axis). Upon 

deconvolution (Fig. 3.3c), however, the SPS image shows an error which was 

not observed with the model data. The error seems to be periodic in nature and 

increases toward the right side of the image, which coincides with the Pb-HSI 

scanning direction.  After applying a Fourier Transform (FT), the radially 

averaged power spectrum of the images before and after convolution (Fig. 3.3d) 

were compared. It is evident that the image after the deconvolution features 2 

Figure 3.3    Raw/convoluted SPS Pb-HSI µDBD OES image of N2
+ emission at 

391 nm (a), its RSD map (b), and the same image after deconvolution (c). The 
radially averaged power spectrum (d) of the image before the deconvolution 
(red) and after the deconvolution (blue); insert figure is the zoom-in region from 
0.1 Hz to 0.5 Hz.      
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peaks at f1=0.2 Hz and f2=0.4 Hz.  The periodic error seems to show an inverse 

dependence with the number of sub-pixel steps 1/K, and it only shows up when 

there is noise present in the raw SPS data before deconvolution, as confirmed 

by the noise-free model in Fig. 3.2.  This type of periodic error comes from the 

difference between sub-pixel information deconvoluted from the measured SPS 

image and the true value of the sub-pixel information with a period of K, and 

has been shown to appear at F, 2F, 3F…, where F=1/K. 64    

In order to better understand the noise effects, the RSD (Fig. 3b) was 

calculated from three consecutive raw SPS plasma OES images, taken under the 

same conditions as in Fig. 3.3a. The RSD of the background is below 2%, and 

the RSD of the signal ranges from 1% to 10% around the axial position and can 

rise as high as 15% at the edge of the plasma. These values are helpful to guide 

the characterization of the effects of noise in the raw SPS data on the 

deconvoluted profiles which was performed through the addition of varying 

levels of Gaussian noise to the model data.  

  For this purpose, varying content of Gaussian noise (RSD = 0.45% - 

27%) was added to the model SPS intensity profiles, with a shape representative 

of plasma OES, and the resulting periodic noise in the deconvoluted profiles 

was characterized. A selected model SPS intensity profile plot with added 0.9% 

RSD, before and after deconvolution, and their corresponding power spectra are 

shown in Fig. 3.4. The power spectra show that the signal appears at the low-

frequency region. In contrast, a clear pattern of periodic error emerges after the 

deconvolution, at frequencies of 0.2 Hz and 0.4 Hz. The deconvoluted model 
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signal frequency content is very similar to the one obtained for the SPS Pb-HSI 

plasma OES in Fig. 3.3, thus, it confirms the validity of this approach for 

studying the effects of noise. 

3.3.3 Noise removal and filter optimization 

Knowledge of the periodic noise frequency allows optimized noise 

filtering. Here, a low-pass filter and a notch filter were implemented for 

 
Figure 3.4   Model SPS plasma OES intensity profile (10 µm pixel width, 2 µm scan step) 
with 0.9% RSD noise added before and after deconvolution(a). The frequency of the 
periodic noise can be observed by comparing the corresponding power spectra (b). 
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minimizing the noise content in the deconvoluted SPS profiles.  The optimized 

cut-off frequency of the low-pass filter was determined to be 0.15 Hz, when 

varied between 0.15 Hz and 0.2 Hz, while the optimized notch filter blocked 

frequencies were set between 0.15 Hz – 0.25 Hz and 0.35 Hz – 1 Hz with a 

Gaussian shape to prevent ringing effects. The relative residual across the signal 

profile after filtering was used to assess the noise filtering efficiency. The 

residual values are approximately evenly distributed across the intensity profile 

(Fig. 3.5a), and it is evident that, for the selected 4.5% RSD and 18% RSD noise 

added, the low pass filter is more efficient at minimizing the noise content. In 

model prediction, the root-mean-square error (RMSE) is frequently used to 

evaluate the fidelity of the model by measuring the differences between the 

Figure 3.5    Relative residual distribution across the deconvoluted model plasma profile 
after noise filtering is applied at two RSD levels (a). The RMS of the relative residual 
distribution as a function of increasing RSD after lowpass filter (circle) or notch filter 
(diamond)(b).  
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observed data and the predicted data98, 99: Given the general shape of the 

residuals, the root mean square (RMS) residual across the profile which is 

equivalent to RMSE, was used to evaluate the reconstruction noise filtering 

effectiveness at varying added RSD levels. Fig. 3.5b shows the RMS has a linear 

relationship with the noise level, and that the lowpass filter results in more 

efficient minimization of the SPS deconvolution error. Thus, the lowpass filter 

was for the experimental SPS images obtained with the Pb-HSI system. It is 

worth mentioning that the total elapsed time (convolution, deconvolution, and 

noise filtering) of a 1D array model data is less than 40 ms. 

3.3.4 Spatial resolution improvement by SPS 

SPS images of the 1951 USAF resolution target were obtained with the 

Pb-HSI to evaluate the spatial resolution improvement after noise filtering.   Fig. 

3.6 shows group 5 elements 1-6 acquired by regular imaging (Fig. 3.6a, 10 µm 

slit width/pixel size, 10 µm scan step/sampling distance) and by the SPS 

Figure 3.6    Images of USAF resolution target group 5 acquired by a) regular imaging (10 µm 
pixel size/sampling distance), and b) SPS imaging (10 µm pixel size, 2 µm sampling distance). 
The corresponding group 5/ element 1 (dotted) and group 5/ element 6 (solid) intensity 
profiles are shown in c) for regular (red) and SPS imaging (blue).
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protocol (Fig. 3.6b, 10 µm slit width/pixel size, 2 µm scan step/sampling 

distance) where it is evident upon inspection that the spatial resolution in the 

scanning (x-) dimension is enhanced by SPS. The peak-to-valley ratio (Fig. 

3.6c) of the intensity profile across group 5/element 6 (57 line-pairs/mm or line 

width = 8.77 µm) in the SPS image is 1.9, while the peaks are not resolvable in 

the regular image. The improved resolution can also be observed in the peak-to-

valley ratio of group 5/element 1 (32 line-pairs/mm or line width = 15.63 µm) 

which is 5.8 in the SPS image, while it is only 1.6 in the regular image. In fact, 

the regular image only shows a peak-to-valley ration of 5.8 for group 3/element 

6 (not shown, 14.25 line-pairs/mm or line width = 35.08 µm). The results 

confirm that the SPS method is a powerful tool for the spatial resolution 

improvement along the scanning direction in a Pb-HSI system. It is noteworthy 

to mention the total elapsed time (deconvolution and noise filtering) of a 2D 

monochromatic image is less than 1s. 

 

3.3.5 Pb-HSI of plasma OES by the optimized SPS protocol  

The optimized SPS protocol was implemented for the acquisition of Pb-

HSI images of the optical emission from the atmospheric pressure µDBD with 

geometric super-resolution. The image at 706.5 nm shows the spatial 

distribution of He I (3s 3S1 - 2p 3P0,1,2
o) excited species (Fig. 3.7a). The intensity 

is higher inside the capillary and decreases in the region between the end of the 

capillary and the sample surface, which indicates the excited He I transfers its 
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energy to other species outside the capillary.  The image at 391 nm shows the 

spatial distribution of the N2
+ excited species, 0-0 first negative system B 2∑u

+ - 

X 2∑g
+ transition (Fig. 3.7b). It is evident that the N2

+ has a much higher 

intensity in the open-air region between the capillary and the sample surface, 

indicating the N2
+ is formed where the plasma afterglow makes contact with the 

ambient air. This process may include the charge transfer mechanism with He+ 

and He2
+,100 or the Penning ionization mechanism with the helium metastables.35 

In contrast, the image obtained at 337 nm (Fig.3.7c), corresponding to the band 

head emission of N2, 0-2 second positive system from C 3∏u - B 3∏g transition, 

shows an increasing intensity from the outlet of the capillary towards the sample 

surface where it reaches a maximum. This trend, together with the N2
+ intensity 

distribution, indicates that the N2 is formed by the electron recombination 

process with N2
+.101 Fig. 3.7d shows the atomic oxygen optical emission image 

obtained at 777.4 nm, from the (4So)3p 5P1,2,3 - (4So)3p 5S2
o transition. The 

slightly higher intensity in the capillary compared to the N2 image suggests that 

Figure 3.7 SPS Pb-HSI images (10µm pixel size, 2µm scan step) after 
deconvolution and lowpass filter. a) He I emission at 706.5 nm; b) N2

+ emission 
at 391 nm; c) N2 emission at 337 nm and d) O I emission at 777.4 nm. Notice 
the emission intensities are normalized to itself.
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the atomic oxygen generated from the molecular oxygen in the open air may be 

diffusing into the capillary. However, further experiments are needed to confirm 

this observation.   

Of particular note is the lateral distribution of the N2 optical emission, 

which shows a lower intensity at the axial position. However, the current images 

are integrated through the line-of-sight. Thus, it is evident that radially resolved 

images are needed to improve the understanding of the underlying mechanisms 

of plasma/ambient-air/sample interaction. The obtained images show a 

successful reconstruction performed by applying the SPS technique and a 

lowpass frequency filter. Compared with the regular images, the SPS images 

have a higher spatial resolution in x-dimension while maintaining the FOV in 

y-dimension.  Current work in our laboratory involves developing a 3D image 

reconstruction method based on an Abel’s inversion protocol for extracting 

radially resolved information. The SPS Pb-HSI acquisition will not only allow 

higher resolution in the lateral dimension but also obtain more data points which 

will greatly improve Abel’s inversion fitting.67  

 

3.4 Conclusion 

The geometric super-resolution method based on sub-pixel shifting was 

successfully implemented along the scanning dimension on a Pb-HSI system. 

Periodic error in the SPS deconvoluted images was identified and traced to the 

noise present in the raw SPS images.  Frequency noise filters were designed to 
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help minimize the error, and the optimized lowpass filter proved to remove the 

noise more efficiently than the notch filter scheme. SPS Pb-HSI images of the 

1951 USAF target confirmed that the improved resolution was achieved. It is 

evident that this method successfully improves the spatial resolution by 

allowing separation of the pixel size and the sampling rate. The advantage of 

the SPS protocol is that resolution improvement does not come with a decrease 

of FOV, loss of light throughput, or a shrink in the size of the detecting elements, 

which are typical of conventional approaches. These advantages allow Pb-HSI 

to be implemented for applications requiring higher spatial resolution. Further 

error minimization approaches such as the implementation of a lock-in amplifier 

or the auto-correlation algorithm can be applied for better reconstruction results. 

A motorized stage with a smaller scan step size (higher sampling frequency) can 

be used in the future to achieve higher spatial resolution. Furthermore, the 

proposed algorithm can also be used for improving the spectral resolution. The 

proof-of-principle SPS Pb-HSI images of an atmospheric pressure µ-DBD 

plasma jet showed the applicability to gain further insights of OES plasma 

diagnostics with greatly improved spatial resolution. 
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CHAPTER IV 

RECONSTRUCTION OF RADIALLY RESOLVED 

EMISSION ON PUSH-BROOM HYPERSPECTRAL 

IMAGING FOR PLASMA OPTICAL EMISSION 

SPECTROSCOPY VIA ABEL’S INVERSION 

ALGORITHM 

Songyue Shi, Kevin Finch, Yue She, and Gerardo Gamez  

 

4.1 Introduction 

Plasma-based techniques are routinely applied to in a variety of fields, 

including chemical analysis. The wide applications motivate increasing interests for 

diagnostics of plasma properties, including the identifications of active plasma species, 

measuring electron temperature, electron density, and gas temperature, etc.43-46, 102, 103 

While many plasma diagnostic techniques have been developed in the recent decade 

to measure the plasma properties mentioned above, the plasma mechanisms are still 

far from being fully understood in detail, especially the plasma-surface interaction. 

Among the diagnostic techniques, optical emission spectroscopy (OES) shows 

particular interests because it allows measuring the distribution of atomic and 

molecular excited species directly and without disturbing the plasma in a wide 

wavelength range (10 nm to 10 µm), and in a simple and cost-effective manner.43, 56, 

57  However, the detection systems used in OES integrate all the emission information 

along the line-of-sight of the (LOS) light collection direction, which lacks inherent 

radial resolution.65 
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Many techniques have been developed to extract the radial information from 

OES measurements65, 68, 70, 104. Abel’s inversion transform is one of such techniques 

that reconstruct the radially resolved information out of the LOS emissions when it 

can be assumed that the plasma is cylindrically symmetric. The LOS profile h(x) and 

radial profile f(r) can be converted to each other mathematically according to the 

following equations65:  

ℎ(𝑥) = 2 ∫ 𝑓(𝑟)
𝑟

√𝑟2−𝑥2

𝑅

𝑥
𝑑𝑟 ,       (4.1) 

𝑓(𝑟) = −
1

𝜋
2 ∫

𝑑ℎ(𝑥)

𝑑𝑥

1

√𝑥2−𝑟2

𝑅

𝑟
𝑑𝑥 ,      (4.2) 

Where x is the LOS distance from the plasma center, r is the radial 

displacement from the axis, and R is the plasma source radius. There are many 

numerical methods have been applied to solve the equations, including the direct 

discretization65, one-dimensional convolution70, the Legendre polynomials 

approximations68, 69, and the Nestro-Olsen method67, 71, etc. However, some common 

problems lie within those methods: first, the accuracy of the reconstruction relies on 

the first derivative of the line-of-sight profile (𝑑ℎ(𝑥)/𝑑𝑥), which will be largely 

affected by the error during the acquisition. Second, the radial profile after the 

inversion shows the greatest error around the axial position, due to the error 

accumulation as the deconvolution starts from the outer-most layer to the axis, which 

may be the region of greatest interest. An alternative numerical method based on 

Fourier transform has also been proposed for Abel’s inversion65, 66, 72, showing 

advantages such as derivative-free and minimum error accumulation to the object 
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center, which makes it particularly suitable for revealing the plasma properties at the 

axial positions.  

Push-broom, or line scanning, systems are often used for spectral imaging. 

They have advantages of high-light throughput, simultaneous coverage of a wide 

wavelength range, and fast acquisition rate94, 96, 105-107. Previously we proposed a sub-

pixel shifting (SPS) protocol to achieve geometric super-resolution, or higher 

resolution compared to the geometric pixel size, in the spatial scanning dimension108. 

This approach is particularly useful when higher resolution is needed in one dimension 

without having to rely on magnification techniques that restrict field-of-view, thus 

requiring several images to obtain a full picture, or lower light throughput. One such 

case is the acquisition of LOS spectral images with the goal of performing Abel 

inversion to reconstruct the radially resolved information because the reconstruction 

takes place only in the dimension where the cylindrical symmetry is assumed. In 

addition, it has been previously shown that an increasing number of points along the 

LOS intensity profile can lead to much better fidelity of Abel’s inversion radial profile 

reconstruction67.  

Here, a method is presented that allows extracting radially resolved 

information with a Fourier-transform based Abel’s inversion algorithm from LOS 

spectral images obtained via sub-pixel shifting push-broom hyperspectral imaging. A 

systematic study on the effect of the experimental conditions on the accuracy and 

fidelity of the reconstructed radial profiles is shown. The optimized conditions are 

used to implement the protocol for obtaining radially resolved optical emission maps 

from a micro-dielectric barrier discharge.   



Texas Tech University, Songyue Shi, August 2019 
 

 

49 
 

4.2 Experimental Methods 

4.2.1 Abel’s Inversion Protocol Evaluation and Optimization 

In this study, a non-iterative, derivative-free, Fourier-transform based Abel’s 

inversion algorithm66, 72 was implemented for the reconstruction of radially resolved 

images from line-of-sight (LOS) images acquired via sub-pixel shifting (SPS) push-

broom hyperspectral imaging (Pb-HSI). First, however, a software-based 3-

dimensional model spectral data cubes were constructed in MATLAB (R2018a, The 

Math Works, Inc., USA) to evaluate the performance of Abel’s Inversion algorithm 

with respect to the fidelity of the reconstructed radially resolved information. The 

schematic flow chart of the model design and Abel’s inversion protocol is shown in 

Fig 1, which will be introduced step-by-step in the next section. The model spectral 

data cubes were designed to be representative of measured spectral data cubes, as 

discussed in detail below, including spatial and spectral profile shapes, noise addition 

and filtering, as well as SPS convolution and deconvolution, as shown in Fig. 4.2.  

4.2.2 Model Spectral Data Cube 

4.2.2.1 Spatial profile  

   Fig. 4.1 shows three different types of radially resolved spatial intensity 

profiles (blue) and their corresponding line-of-sight integrations (red), which represent 

the emission intensity profile across the plasma (x-dimension) at a certain height (y-

dimension) and wavelength (λ-dimension). The radial intensity profiles simulate the 

emission that is higher at the axis (convex), not changing much at the axis (flat), or 
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much lower at the axis (concave), respectively. According to the literature65, 109, 110, the 

relationship of the radial profile ɛ(r) and the lateral profile, or LOS, I(x) can be 

expressed as following:  

where 𝑎1 = √1 − 𝑥2. If the radius is N pixels, the total number of pixels in the 

line profile will be 2N-1. In the present study, the N is set to 50 and 200, covering the 

pixel range of the actual plasma emission width.  

 

 

 

Figure 4.1 Three different shapes of radial profiles (blue) and their corresponding LOS profile 
(red), representing emission spatial profile with convex, flat, and concave shape, respectively. 

 

(4.3) 

 

(4.4) 

 

(4.5) 
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4.2.2.2 SPS Convolution 

The SPS convolution protocol simulates the optical emission spectral data cube 

acquired by SPS in the Pb-HSI system. Here, 1 pixel/data point represents 1 µm to 

best represent the experimentally acquired emission images.  

1. The width of the spectral data cube is 500 µm, so a 1D 1 x 500-pixel array 

is generated with a model intensity of 560 counts at every pixel to 

simulate the average background intensity in the experimental data. Next, 

radial and lateral profiles are generated where the total number of data 

points is 2N-1 pixels, for example, 399 data points for signal radius 

N=200, and the highest intensity pixel value is set to 3000. The lateral 

profile array is center-aligned and added to the background array, while 

the radial profile is kept for assessing the fidelity performance in the last 

step.  

2. A 2D matrix is generated by repeating the 1 x 500 array lateral profile 250 

times in the y-dimension to make a 250 x 500 matrix. The matrix size is 

increased in the y-dimension by adding 50 rows, at the top and bottom, 

with background intensity values (560) to produce a 350 x 500 matrix.  

3. The SPS convolution algorithm is applied to the new matrix along the X 

dimension, which consists of summing a 10–pixel window and saving the 

result into a new matrix. The 10-pixel window is then shifted by 2-pixel 

columns and so forth, so the new result matrix will be 350 x 246 pixels 

( 
500−10

2
 +1=246, note that here 1 pixel = 2 µm because of the shift). This 
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algorithm represents the SPS scan step of 2 µm with a spectrograph 

entrance slit width of 10 µm. The 246-pixel array contains oversampled 

information as opposed to the regular acquisition where the scan step is 

equivalent to the slit width (10um) resulting in only 50 pixels (500/10=50, 

1 pixel = 10 µm).  

4. White Gaussian noise was added homogeneously throughout the matrix to 

study its generalized effect on the Abel’s Inversion reconstruction fidelity. 

Subsequently, white Gaussian noise whose distribution more 

representative of the emission noise measured from the µDBD plasma was 

added. The results in a previous µDBD plasma study108 show that the 

noise distribution is not uniform across the whole image area, instead, the 

RSD is higher at the edges of the plasma emission region. Thus, the model 

noise is designed to create a new matrix with higher RSD at the signal 

edges and 3% RSD at the rest of the matrix (edge-focused distribution) to 

represent the actual OES images. The results were compared with the 

datacube in which the noise is homogenously distributed (homogenous 

distribution).  

5. A representative peak shape in the wavelength dimension is also designed 

into the model data. The representative spectral peak shape profile is again 

obtained from the measured spectral data cubes here. For example, the N2
+ 

emission at 391 nm has a FWHM of 5 ICCD pixels and a full width of 17 

ICCD pixels. Thus, the model spectral datacube matrix is expanded in the 

wavelength dimension with a 40-pixel array containing the spectral peak 



Texas Tech University, Songyue Shi, August 2019 
 

 

53 
 

profile and padded symmetrically to each side with background valued 

pixels.  The resulting model matrix created is a 350 x 246 x 40 array. 

4.2.2.3 SPS Deconvolution and Abel’s inversion reconstruction 

The deconvolution and reconstruction protocols simulate the data analysis 

procedures:  

6. First, background subtraction is applied to the model datacube. Then, a 3D 

noise filter is implemented, and its properties optimized, as discussed in 

the next section. The model array is then cropped to a 5 pixels window 

centered at the peak intensity and integrated into the wavelength 

dimension, which yields a 350 x 246 x 1 matrix representative of a 

monochromatic image.  

7. The SPS deconvolution algorithm discussed in the previous work108 is 

applied to the monochromatic matrix, then a lowpass filter with a cutoff 

frequency of 0.15 is used to eliminate the periodic error coming from the 

deconvolution.  

8. The Fourier-transform based Abel’s inversion algorithm. was proposed by 

G. Pretzier70, 72 and was compiled to MATLAB function codes by C. 

Killer66. The algorithm expands the undetermined radial profile into a 

series of cosine expansions by Fourier transform, then the unknown LOS 

profile is calculated via the Abel’ inversion. The equations of the LOS 

profile are then least squares fitted to the measured LOS data, the 

amplitude of each expand is calculated correspondingly. Therefore, 
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significant input variables of the algorithm include the signal pixel radius 

and the number of cosine expansions. There are some requirements for the 

algorithm to function correctly: it is designed to work between the axial 

position and the edge of the intensity LOS profile signal. Thus, a) only the 

signal part is kept while the background region is discarded, and b) a 

profile axis auto-detection function was added to the protocol to split the 

profile into two parts from the axis and Abel’s inversion algorithm was 

applied to each half independently. A 1 × 100 array was calculated for 

each half of the signal.The axis auto-detection function calculated the 

FWHM of the profile first, then determined the middle point of the 

FWHM row as the axial position, and the value of the middle point was 

calculated as the mean value of the axial points of each half profile. At 

last, the two reconstructed half profiles were recombined to the whole 

profile (1 × 199 array, 1 pixel = 2 µm).  

9. The reconstructed line can be used to compare with the original, noise-

less, radial profile at the beginning of step 1 to evaluate the reconstruction 

fidelity of the protocol, as explained below. The relative root-mean-square 

error (rRMSE) between the original profile and the reconstructed profile is 

used for the efficiency evaluation of the deconvolution and reconstruction 

protocol. The rRMSE is defined as following:  
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 Where ( )recon ir  is the reconstructed intensity value at radial point ir , and 

( )origin ir is its corresponding original value, x is the mean value of the radial profile. 

Note that the pixel size of the reconstructed profile (1 pixel = 2 µm) and the pixel size 

of the original profile (1 pixel = 1 µm) were different because of the SPS protocol. A 

linear interpolation was applied to the reconstructed profile to obtain the same pixel 

size and same pixel numbers with the original radial profile (1×399 pixels). The 

protocol is applied both 50 and 200 radius pixels with each shape of the model profiles. 

 

4.2.3 Reconstruction error analysis and algorithm optimization 

The measured line-of-sight hyperspectral imaging datacubes contain noise 

coming from multiple sources, including the fluctuation of the plasma, the stray light, 

and detector, which affect the reconstruction of the radially resolved image. In this 

Figure 4.2 The schematic flow chart of the hyperspectral datacube model design and the Abel’s 
inversion protocol. The design is composed of two parts: the construction of the datacube (red 
arrows) and the deconvolution and reconstruction of the radial profile (blue arrows). The 
protocol details are described in step 1 to 9 in the Experimental section.  
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study, three different types of 3-dimensional noise filters, with varying voxel radius, 

including 3D-mean filter, 3D-Gaussian blur, and 3D-median filter, were implemented. 

Then, the original optical emission spatial radial profile was compared to Abel’s 

inversion reconstructed profile in terms of the root-mean-square-error (RMSE), to 

assess fidelity, and the FWHM, to assess resolution losses, in order to optimize the de-

noising protocol with increasing levels of added noise. In addition, the effect of the 

number of data points along the reconstruction dimension and the number of cosine 

functions used in the reconstruction algorithm was optimized in the same manner.  

The optimized data analysis protocol, including SPS deconvolution and Abel’s 

inversion, was implemented to the measured line-of-sight optical emission 

hyperspectral data cubes from the micro-dielectric barrier discharge obtained with the 

Pb-HSI system as described below. The radially resolved emission of different plasma 

species was obtained and compared with the line-of-sight images.  

4.2.4 Atmospheric pressure dielectric barrier discharge 

The µDBD source was adapted from the previous work108. The plasma source 

was composed of two aluminum foil ring electrodes co-axially wrapped around a 5-

cm long fused silica capillary (150 µm i.d. and 360 µm o.d., Polymicro Technologies, 

USA). The capillary polymer coating was removed thermally. The powered electrode 

was placed 5 mm away from the capillary tip. The inter-electrode distance was 6 mm 

and a ring PTFE insulator was placed between the two electrodes. The capillary was 

placed perpendicular to the sample stage, which was mounted on an independent X-

Y-Z platform (Model A, Line Tool Co. USA), 1 mm away from the capillary tip. In 
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this study, an insulated copper block was used as the sample. The Helium plasma gas 

(99.999% purity, Ultra High Purity 5.0 Grade Helium, Airgas, USA) flow rate was set 

to 0.4 L/min. The AC applied voltage (PVM500, Information Unlimited, USA) was 

set to 8 kV, and the frequency to 30 kHz.  

4.2.5 Pb-HSI 

The spectral and spatial optical emission information of plasma species were 

obtained via a push-broom hyperspectral imaging system described in previous work 

by Kroschk et al 96 and Songyue et al 108. Briefly, the collimating and focusing optics 

are triplet lenses (100 mm nominal focal length, CaF2/fused silica/CaF2, Bernhard-

Halle GmBH, Germany). A plane mirror is placed between the lenses to turn the light 

route 90 degrees. Both the mirror and the focusing lens are fixed on a motorized stage 

(1.6 µm bidirectional repeatability, 50 mm travel range, MTS50-Z8, Thorlabs Ltd., 

UK). This geometry allows the scan of the image in X dimension across the entrance 

slit of the spectrograph (IsoPlane SCT 320, Princeton Instruments, USA), which has 

the minimum width of 10 µm and the height of 13 mm.  

The 300 groves/mm grating (9.77 nm/mm linear dispersion and f/4.6 aperture 

ratio, 129 nm window) was used for plasma species identification with spectral 

windows of 280-409 nm, 582-711 nm, and 677-806 nm. For the 677-806 nm window, 

a high-pass filter with the cut-off wavelength of 500 nm was placed before the entrance 

slit, in order to minimize interference from the 2nd order dispersion of the smaller 

wavelengths.  
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An ICCD camera (iStar 334T, Thorlabs Ltd., UK), with the pixel size of 13 x 

13 µm and 1024 x 1024 pixels, was used for data acquisition with an exposure time of 

0.1 s. A homemade LabVIEW program described by Kroschk96 was applied for the 

automated acquisition. , while the analysis and the display of the hyperspectral 

datacube were accomplished by the SPS and Abel’s inversion algorithms using 

ImageJ97 and MATLAB 2018a.  

4.2.6 Sub-Pixel Shifting 

The SPS deconvolution from the oversampled spectral datacubes was 

performed using MATLAB 2018a, as described previously108. The expression of sub-

pixel shifting (SPS) is described by Pernechele and Yang et al63, 64. Compared with 

typical imaging approaches, SPS allows the acquisition of higher-resolution images 

from the deconvolution of a series of low-resolution images obtained with a higher 

sampling frequency. In the present study, the optimized SPS conditions were set as: 

entrance slit width is 10 µm, scan step width is 2 µm, deconvolution factor is 10/2 = 

5, and the cutoff frequency of the lowpass noise filter is 0.15. 

4.3 Results and discussion 

4.3.1 Optimization of raw spectral data cube de-noising protocol 

The de-noising (see step 6, Experimental methods section) of the raw 3D 

spectral datacube was optimized by adding 10% white Gaussian noise distributed 

homogeneously and comparing the performance of three different 3D noise filters. For 

this purpose, a one-dimension spatial profile in X, at the peak of the wavelength profile, 

was extracted from the model datacube after noise filtering process and compared to 
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the original noiseless data in terms of overall (RMSE) and resolution (FWHM) fidelity 

were implemented for comparison. Fig. 4.3a shows the results for a concave-shape 

radial profile when 3D mean filter, 3D Gaussian blur, and 3D median filters are 

implemented with varying voxel radius. The radius of the Gaussian filter is twice the 

standard deviation (sigma, σ) of the Gaussian function. Therefore, the sigma of the 

Gaussian blur filter was chosen as 0.5, 1, 1.5, 2, 2.5, 3, representing the radius from 1 

to 6 pixels. It is evident that the RMSE of all the filtered profiles decreases, indicating 

an improvement of the noise filtering as the voxel size increases. Nonetheless, when 

the radius is larger than 3 pixels, the improvement of noise filtering is significantly 

smaller. The performance of the median and Gaussian blur filters is very similar, while 

the mean filter is slightly better. Figure 4.3b shows the ratio of the filtered profile 

FWHM to the original noiseless profile FWHM. In general, the FWHM ratio increases 

as the voxel radius increases, which shows blurring or peak broadening. Among all 

the three filters, the 3D median filter shows the smallest broadening effect, which will 

be beneficial to maintain the image resolution in both spatial and spectral dimension. 

When the radius is 3 pixels, the FWHM ratio of the median filter is less than 107%, 

and it increases to 120% with a 4-pixel radius. Thus, the 3D median filter with a voxel 

radius of 3 was chosen as the optimum.  
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Figure 4.3 Noise filtering performance of the 3D model datacube with 3D-mean 
(green dot), 3D-Gaussian blur (blue square), and 3D-median filters (red diamond) 
as a function of the voxel radius. The a) Root-mean-square error is a measure of 
the overall de-noising performance while b) the FWHM ratio between the filtered 
profile and the original noiseless profile is indicative of resolution fidelity.  
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4.3.2 Optimization of Abel’s inversion algorithm parameters  

The Fourier-based Abel’s inversion algorithm is a numerical transform 

approach. The undetermined radial profile is expanded into a series of cosine 

expansions, whose amplitudes are least-squares-fitted to the measured line-of-sight 

data. Therefore, the reconstruction accuracy of the method relies on the number of data 

points used in the fitting. Fig. 4.4 shows the comparison of the reconstruction accuracy 

between a small (11 points) and a larger number of data points  (51 points). It is evident 

that the reconstruction is less accurate with fewer data points, especially at the axial 

and edge radial positions of the signal.  

The effects of the number of data points on the performance of Abel’s 

inversion algorithm was systematically evaluated by calculating the rRMSE between 

the reconstructed profile and the original model profile. The test range of the model 

 

Figure 4.4 The original (green) and reconstructed radially resolved intensity profiles 
when 11 (blue) or 51 (red) data points are used for the corresponding line-of-sight 
profile, with 4% added noise, fitted in the Abel’s inversion algorithm.  
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data is set from a radius of 3, which is the allowed minimum input of the algorithm, to 

200, corresponding to the 400 µm diameter in OES acquisition, which is sufficient to 

represent the whole µDBD plasma jet area in the X dimension. Fig. 4.5a shows the 

rRMSE of the three types of radial profile shapes as a function of the number of data 

points for Abel’s inversion. Here, the noise level added into the model datacube with 

edge-focused distribution is 10% at the signal edges, and 3% for the rest of the matrix, 

while the noise level is 10% for the whole area with the homogenous distribution. The 

number of cosine expansions used in Abel’s inversion is 8 (optimization of that 

parameter is discussed in the following section). Overall, the rRMSE is much higher 

with less number of points but it decreases significantly when more data points are 

used for the reconstruction, which indicates a better reconstruction performance. It is 

clear that the edge-focused distributions show an overall lower rRMSE than the 

homogenous distribution for comparable conditions, thus it is important to model the 

particular noise characteristics of the plasma of interest. It is also evident that the 

convex-shaped profile has the smallest rRMSE, when the number of data points is the 

same, while concave-shape has the largest. Furthermore, It is clear that when the 

number of points is larger than 130, the rRMSE gains are not very significant (<0.25%), 

thus a radius size of 200 pixels was set as an upper limit for the study. Other studies 

of the effects of the number of data points on the accuracy of Abel’s inversion67,  albeit 

with a different deconvolution algorithm (Nestor-Olsen),  also show that reducing the 

number of points in the fitting decreases the reconstruction accuracy, especially when 

the number of points is less than 100. On the other hand, that study also shows an 

upper limit in the reconstruction accuracy when increasing the number of data points.  
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The performance of Abel’s inversion algorithm with different error levels 

added to the model datacube is shown in Fig. 4.5b. Here, the profile signal radius is 

set to 50, and the number of cosine expansions is 8. The edge-focused distribution 

added noise ranges from 0 to 20% at the signal edges but is fixed at 3% everywhere 

else, which is representative of the error in the measured spectral datacubes ( <15% at 

the edge, 1-3% everywhere else).  It is evident that the edge-focused added noise 

distribution leads to significantly higher reconstruction fidelity with Abel’s inversion 

algorithm, which shows the importance of using conditions in the model which are 

representative of the measured data. For example, when 3% Gaussian noise is added 

homogeneously to the LOS concave shape profile then the reconstructed radial profile 

shows an RMSE of 9.6, or 4.8% rRMSE, which compared to  other studies for similar 

conditions  an rRMSE of 23% was reported for direct discretization65, and ~20% 

rRMSE for Legendre polynomials approximations68, but this last one fitted with 128 

points.  One can also express the reconstruction error as relative residual percent (rRES 

= Σ(IReconstructed - IOriginal)/ΣIOriginal x 100%) and for our study would be rRES 7.2% in 

the conditions cited above, while for similar conditions an rRES of 30% was reported 

using the convolution method70, and rRES 9% for the Nestro-Olsen method67. 

Although the cited values above are not under the exact same conditions (different 

denoising methods and not exactly the same profile shape), one can still get an idea of 

the possible advantages. Nevertheless, a study by R. Alvarez65 does compare different 

Abel’s inversion reconstruction algorithms under the same conditions to show that the 

RMSE of the Fourier-based method is 3.94, Nestor-Olsen method is 12.10, and for 
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direct discretization 20.62. It is worth noting that the rRMSE in our study is smaller  

 

Figure 4.5 The rRMSE between a 1D X-dimensional reconstructed profile and the 
original radially resolved profile as a function of A) the number of data points used for 
the Abel’s inversion algorithm at a set noise percent, and B) the percent noise added at 
a set number of data points (50 pts).  
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(1.6%) when edge-focused noise distribution is used to better simulate the spectral 

images of the µDBD used for proof-of-principle here. In addition, one must keep in 

mind that the rRMSE and rRES represent the global fitting accuracy along the whole 

radius so it cannot show if the error is localized. However, the Fourier transform-based 

algorithm shows less error at the axis due to its nature of dispersing the error along the 

radius instead of accumulating the reconstruction error toward the axial position. For 

example, for the 100 points/3% homogeneous noise case in this study the relative 

residual at the axial position is 2%, while a different study with comparable conditions 

shows a relative residual >20% at the axial position using the Nestro-Olsen method. 

On the other hand, it should be considered that in the case where the number of data 

points is very limited the Fourier transform based method has been shown to yield less 

accurate radial reconstruction compared to other algorithms, for example, A. Sainz et. 

al.71 report that the Nestor-Olsen method shows higher accuracy with 5 or 10 data 

points.   It is worth mentioning that the accuracy of the discrete Fourier transform is 

limited by the Nyquist criteria and a minimum number of sampled data is necessary to 

achieve a given accuracy111.  

4.3.3 Effects of number of cosine expansions in the inversion 

The effect of the number of cosine expansions used for Abel’s inversion 

protocol was also studied (Fig. 4.6). Here, the pixel radius of the signal was set to 50 

and 200 pixels which are representative of the pixel radius range observed in the 

measured spectral datacubes. The edge-focused noise distribution was set to 15% at 

the emission signal edges and 3% everywhere else. The flat and concave shaped 

profiles show a much higher RMSE with a small number of cosine expansions, which 
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decreases until 5 expansions are used.  On the other hand, the convex shape is well 

fitted even with a low number of cosine expansions, which is expected due to the shape 

of a cosine function. Nevertheless, increasing the number of expansions is not always 

beneficial to the reconstruction, especially when the number of expansions is larger 

than 20 when there is a rapid increase in the RMSE. This is probably due to a better 

fitting of the added noise which will result in a deviation from the original noiseless 

radial profile standard. It is evident that the overall RMSE is higher for a 50 data point 

radius compared to a 200 radius. The optimized number of cosine expansions was set 

to 8, in order to be on the conservative side of the results and taking into account the 

fact that data processing time increases approximately proportionally to the square of 

the number of cosine expansions (t ∝ n2). 
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Figure 4.6 rRMSE of the representative reconstructed model profiles versus the 
number of cosine function used in Abel’s inversion algorithm. The error distribution 
type is edge-focused with a 15% noise added at the signal edges and 3% at the rest 
positions. The signal radius is set to a) 50 pixels, and b) 200 pixels. 
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4.3.4 Reconstructed radially resolved plasma OES images via SPS-Pb-HSI  

As proof of principle, the optimized plasma OES datacube noise filter and 

Abel’s inversion algorithm protocols were applied to spectral data cubes measured 

from a µDBD via SPS-Pb-HSI. As discussed in the previous section, the RMSE 

calculated from the model datacube can be used to predict the reconstruction error. 

Taking into account that the maximum noise observed in the measured spectral 

datacubes is less than 15% RSD and the data of Fig. 4.5b, it can be expected that the 

RMSE from the radial reconstruction from measured line-of-sight data of the µDBD 

is <11% for concave profiles, <8% for flat profiles, and <6% for convex profiles. Fig. 

6 shows the comparison between the line-of-sight images collected (top) and the 

reconstructed radially resolved images (bottom) at three different wavelengths: 706.5 

nm (He I, 3s 3S1 - 2p 3P0,1,2
o), 391 nm  (N2

+, 0-0 first negative system B 2∑u
+ - X 2∑g

+), 

and 337 nm (N2, 0-2 second positive system from C 3∏u - B 3∏g). Notice that the scale 

bar in Fig. 6 represents a longer distance in the y-dimension compared to the x-

dimension (500 µm vs. 100µm) due to higher resolution in x as a result of the SPS 

protocol settings108. The dashed lines in Fig. 6 represent the position of the capillary 

(yellow) and the sample surface (red).  

It is clear that the region of higher intensity in reconstructed radially resolved 

He emission (Fig. 4.7d) seems broader in X dimension than the line-of-sight emission 

(Fig. 4.7a), in both inside and outside capillary regions. This comes from the intensity 

distribution shape of the LOS spatial profile. The He LOS emission intensity 

distribution is somewhere between the flat and convex shapes. The radial 

reconstruction of such a profile shape results in a spreading of the peak intensity across 
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a wider area. The redistribution of the intensity over a wider area can also be observed 

in the N2 (Fig. 4.7b/ Fig. 4.7e) and N2
+ (Fig. 4.7c/ Fig. 4.7f) emission maps where the 

LOS has a similar shape, closer to the sample surface.  On the other hand, the LOS 

emission distribution of the nitrogen species in the upper half of the plasma jet is more 

similar to a concave shape profile, in which the intensity at the axial position is lower 

than the surrounding volume. As a result, the reconstructed radially resolved images, 

especially the N2
+, yields a more pronounced hollow-cone shape. To the best of the 

author’s knowledge, this is the first time to report the Fourier-transform based Abel’s 

inversion algorithm optimized for the Pb-HSI with SPS sampling.  

The peak positions of the axial intensity profiles can be used to propose how 

the energy is transferred from the He species in the plasma gas, which peaks earlier in 

the plasma effluent, to the species in the ambient air such as first resulting in excited 

N2
+ and finally excited N2 species from recombination mechanisms35, 100, 101. 

Nevertheless, the axial intensity peak positions of the species of interest can be 

different in LOS profiles compared to radially resolved maps. Here, this can be clearly 

observed for the N2
+ case. This puts into context the significance of having access to 

radially resolved OES maps for plasma diagnostic purposes. Current work in our 

laboratory involves a systematic study of the effect of different plasma operating 

conditions (gas flow rate, applied voltage, etc.) and different sample surface on the 

radially resolved optical emission spectral images. The radially resolved emission 

maps will help to better understand the energy transform pathways and plasma/sample 

interaction.  
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4.4 Conclusion 

An optimized Fourier-transform based Abel’s inversion algorithm was 

successfully developed for extracting radially resolved optical emission maps from 

spectral images collected by SPS PbHSI. Before Abel’s inversion deconvolution, it is 

necessary to filter the noise and smooth the data profile for a better reconstruction 

efficiency. A 3D median filter with a 3-pixel radius proved to be optimum. Also, the 

systematic modeling study of the reconstruction parameters for different radial profile 

shapes and at varying noise levels shows that a minimum of 50 points and 8 cosine 

 

Figure 4.7 SPS-Pb-HSI images before the Abel’s inversion algorithm (upper) and after the 
transform(bottom). The representative plasma emissions of a/d) He I at 706 nm, b/e) N2

+ at 
391 nm, and c/f) N2 at 337 nm are compared with the applied voltage = 8 kV and the He flow 
rate = 0.4 slpm. Note that all the image intensities are normalized to itself.  
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expansions is needed to keep the relative root mean squared error (rRMSE) <10%. The 

performance compares favorably against other Abel’s inversion reconstruction 

algorithms with the added advantage of spreading the error along with the profile, 

instead of accumulating it onto the axial position. With the implementation of the 

optimized Abel’s inversion algorithm, the radially resolved emission of different 

plasma species (He, N2, N2
+) in a micro-DBD source were successfully obtained for 

the first time with the PbHSI with the sub-pixel shifting sampling.  The SPS protocol 

allows having a higher number of data points along the dimension of Abel’s inversion 

deconvolution, which leads to a higher reconstruction fidelity.  Moreover, the radially 

resolved emission maps of ambient gas species (N2, N2
+) clearly show a hollow-cone 

shape, with axial profile peak intensities at different positions compared to the line-of-

sight images, which distinctly demonstrates the importance of radially resolved 

information for plasma diagnostics. 
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CHAPTER V 

RADIALLY RESOLVED OES DIAGNOSTICS OF 

ATMOSPHERIC PRESSURE UDBD JET FOR DIRECT 

SURFACE SOLID SAMPLING ANALYSIS 

Songyue Shi, Kevin Finch, Yue She, and Gerardo Gamez  

 

 

5.1 Introduction 

Direct solid surface sampling capabilities represent a significant advantage 

when it comes to chemical analysis112. It allows avoiding all the time and resource 

consuming sample preparation steps involved in transforming a fraction of a sample 

into a suitable state for analysis by a technique of interest. Also, it may permit in situ 

sample analysis in the field. Furthermore, it may provide access to additional 

dimensions such as in the case of depth profiling. 

Atmospheric pressure plasma jets have been gaining increased interest for 

direct solid surface analysis30-32. For example, plasma-based ambient mass 

spectrometry sources allow desorption and ionization from solid sample surfaces to 

give access to molecular and structural information from the analyte of interest in real-

time34, 36. These sources are typically configured to minimize damage to the sample 

surface of interest. Then again, recently an atmospheric pressure dielectric barrier 

discharge was proposed for a direct solid sampling of metal substrates42, where the 

operating conditions allowed the substrate to be eroded and the removed material was 

transported to an inductively coupled plasma for mass spectrometry analysis. 

Additionally, depth profiling capabilities were demonstrated in that study. Our 
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laboratory is also currently exploring the possibility of implementing a micro dielectric 

barrier discharge (µDBD) for direct mass spectrometry analysis of solid polymer 

surfaces where the operating conditions allow eroding the substrate for potential depth 

profiling capabilities.  

On the other hand, the underlying mechanisms of such plasma sources are not 

completely understood. These fundamental processes include the production of 

relevant plasma reagents, the plasma/surface interaction, and the routes leading to the 

analytical signal. Thus, plasma diagnostic studies are needed to gain more information 

into these mechanisms. There are many techniques, with accompanying advantages 

and disadvantages, that can yield critical information regarding the fundamental 

processes. Optical emission spectroscopy imaging allows obtaining the distribution of 

excited species in the plasma, which can yield valuable insights into the energy 

distribution pathways43, 56, 57. In addition, relevant species give access to calculating 

fundamental parameters such as vibrational temperature (Tvib)
113, 114, rotational 

temperature (Trot)
67, and excitation temperature (Texc)

115 through Boltzmann plots, and 

even electron number density (ne) via Stark broadening48. In spite of OES images 

being inherently integrated along the line-of-sight, which does not allow distinguish 

three dimensional position of the emission intensity, or having to assume local-

thermodynamic equilibrium (LTE) for obtaining some fundamental parameter 

information, OES diagnostics techniques are popular because they are simple, cost-

effective, and do not perturb the plasma. 

Herein, OES plasma diagnostics of an atmospheric pressure µDBD are realized 

with a sub-pixel shifting push-broom hyperspectral imaging system. Radially resolved 
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information is extracted with a previously developed protocol for Abel’s inversion 

reconstruction based on a DFT algorithm. The distribution of excited He I, He2, N2, 

N2
+, O I, as well as Trot and Tvib maps, as a function of the µDBD operating conditions 

are studied. In addition, they are correlated to the µDBD electrical and produced 

craters characteristics. Finally, some insights into the underlying mechanisms are 

proposed. 

 

5.2 Experimental  

5.2.1 Pushbroom hyperspectral imaging 

The plasma optical emission spectroscopy images were acquired with a push-

broom hyperspectral imaging system (Pb-HSI)96, 105, which allows collecting 

hyperspectral datacubes within short acquisition time and high light throughput.  In 

this system, the emission from the plasma source was collected by a triplet collimating 

lens and refocused on the entrance slit (H: 13 mm x W: 10 µm) of the spectrograph 

(IsoPlane SCT 320, Princeton Instruments, USA) by another triplet lens. The focusing 

lens and a 90-degree turning mirror placed in between the lenses were mounted on a 

linear motorized stage. The moving stage allows implementing the push-broom 

acquisition by scanning the image across the spectrograph slit. The 300 grooves/mm 

grating was used for collecting spectral datacubes at 280-409 nm, 394-523 nm, 582-

711 nm, and 677-806 nm, where a high-pass glass filter (cut-off wavelength at 500 nm) 

was added for the last two windows to minimize the interference from the 2nd order 

dispersion. The 1800 grooves/mm grating was used to collect at 363-381 nm (N2 
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second positive system, C3∏u - B
3∏g) and 378-396 nm (N2

+ first negative system, 

B2∑u
+ - X2∑g

+).   

The ICCD camera (iStar 334T, Thorlabs Ltd., UK, 1024 x 1024 pixels, pixels 

size of 13 x 13 µm) with no binning was cooled to -20 °C for all the acquisitions. An 

exposure of 0.1s was used for the 280-409 nm and 394-523 nm windows, while for 

the other four windows, 15 on-chip accumulations with 0.1 gate duration were applied 

to compensate for the lower intensity. A homemade LabVIEW program allowed the 

automation of the Pb-HSI acquisition108 while the hyperspectral information was 

analyzed and displayed by ImageJ97 and MATLAB 2018a.  

5.2.2 Sub-Pixel Shifting 

The sub-pixel shifting (SPS) process is a deconvolution method of a series of 

low-resolution images to a high-resolution image with a higher sampling rate63, 64. The 

implementation and optimization of the SPS to the Pb-HSI was discussed in the 

previous work108. The acquisition SPS parameters here were set as: spectrograph 

entrance slit width = 10 µm, motor scan step width = 2 µm, leading to a deconvolution 

factor of 10/2 = 5, and the cutoff frequency of the lowpass noise filter is 0.15. 

5.2.3 Atmospheric pressure dielectric barrier discharge 

A micro-dielectric barrier discharge (µDBD) discussed in previous work was 

used as the emission source108. The inter-electrode distance was 6 mm. The power-

electrode was placed closer to the capillary tip and the distance was 5 mm. The effluent 

of the plasma made direct contact with the surface of a sample fixed on an independent 

X-Y-Z stage (Model A, Line Tool Co. USA). Then capillary tip-to-sample distance 
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was set to 1 mm.  In this study, a low-density polyethylene (LDPE, 0.92 g/cm3, 

melting point: 110 °C, Boedeker Plastics Inc., USA) block and a copper block (99.9% 

purity, Multipurpose 110 Copper, McMaster-Carr, USA) were used as samples. The 

helium discharge gas (99.999% purity, Ultra High Purity 5.0 Grade Helium, Airgas, 

USA) flow rate was varied from 0.1 to 0.4 L/min, controlled by the mass flow 

controller (EW-32907-67, Cole-Parmer, USA). 

The plasma was generated by an alternating current (AC) plasma generator 

(PVM500, Information Unlimited, USA) with a frequency of 30 kHz, and applied 

voltage varied from 6 kV to 8 kV.  

5.2.4 Determination of plasma temperatures 

5.2.4.1 Vibrational temperature 

The vibrational temperature is an important property used in the plasma 

diagnostics. In nitrogen-containing plasma, i.e. ambient dielectric barrier discharge, 

the inelastic collision between the free electrons and the nitrogen is very efficient that 

the vibrational temperature shows equilibrium very rapidly with the electron 

temperature113. The Boltzmann plot is a well-established method for the determination 

of the plasma temperature through the relative intensity lines. According to the 

Boltzmann Law, the number of molecules excited to certain vibrational states is 

proportional to 𝑒
−

𝐸𝑣
𝑘𝐵𝑇 , where Eν

 is the vibrational energy, and it has the following 

relationship with band intensities116, 117: 

   4
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Where C is an experimental constant, 'v  is the vibrational quantum number of 

the upper state, ''v  is the vibrational quantum number of the lower state, ( ', '')A v v is the 

transition probability, and v is the wavenumber of the band head, Bk is the Boltzmann 

constant, and T  is the temperature. Therefore, the vibrational temperature of the 

plasma can be calculated from the slope of the plot. Here in this study, the second 

positive system of the N2 transition (C 3∏u → B 3∏g) is used for the determination of 

the vibrational temperature as it fulfills the requirement that the emitting electronic 

states and the ground level electronic states are in thermodynamic equilibrium114. 

Three band heads in the N2 (C→B) transition measured in the 363-381 window (1800 

grating) are used for the Boltzmann plot: N2(2→4) at 370.9 nm, N2(1→3) at 375.4 nm, 

and N2(0→2) at 380.4 nm, respectively. The radially resolved emission is used to 

calculate the radially resolved vibrational temperature. Good linearity is shown in the 

plots with R2 > 0.99.  

5.2.4.2 Rotational Temperature 

The rotational temperature is another important plasma property for the plasma 

diagnostics, corresponding to the distribution of the molecular rotational states. A 

rapid equilibrium can be accomplished between the rotational states and the 

transitional energies of the molecules; therefore, it is commonly agreed that the 

rotational temperature is very close to the gas kinetic temperature118, 119. Theoretically, 

the rotational temperature can be calculated via the Boltzmann plot method mentioned 
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above. However, the energy difference between the rotational levels is smaller than 

the vibrational levels. If the spectral resolution is not high enough to resolve the 

adjacent peaks, the emission line overlapping will cause a distortion of the slope of the 

plot and lead to poor linearity (R2 < 0.75). Here in this study, the rotational temperature 

at selected positions in the radially resolved images is determined by the comparison 

between the experimental and the simulated spectra. The experimental spectra are 

obtained from the rotational transitions of N2
+ first negative system (B 2∑u

+) → (X 

2∑g
+) in 378-396 window (1800 grating). The wavelength range is set from 389.67 to 

390.55 nm, including eight peaks of the R branches from K’’=13 to K’’ = 6 of the N2
+ 

band120. The simulated spectra are obtained from LIFBSE 2.1.1121  with a total 

 

Figure 5.1 Comparison of experimental spectra of N2
+ first negative system (blue) and 

the simulated spectra by LIFBASE (red). The total resolution is 0.7664 nm 
(instrumental + broadening), the pressure is 760 Torr in Air, and the line shape is Voigt 
with 15% Lorentzian. The shaded area represents the difference profile between the 
experimental and simulated spectra.  
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resolution of 0.7664 nm (instrumental + broadening), the pressure of 760 Torr in Air, 

and a Voigt line shape with 15% Lorentzian. Fig. 5.1 shows the comparison and the 

best-fit rotational temperature was determined by the least Chi-square value ( ² ) to 

the simulation.  

 

5.2.5 Electrical characterization 

The applied voltage and frequency were measured (Fig. 5.2) by the 

oscilloscope (DSOX3034A-Digital Storage Oscilloscope, Agilent Technologies, USA) 

with a high-voltage probe (1000:1 attenuation, P6015A High-Voltage Passive Probe, 

TEKTRONIX, USA). The current was calculated through the measured potential drop 

over a 1 kΩ resistor (10:1, N2863B Oscilloscope Probe, Agilent Technologies, USA). 

The helium discharge gas was the same as previous conditions, and the nitrogen (100% 

purity, NI 300 UHP, Airgas, USA), which was used for displacement gas, was 

introduced independently into the µDBD through a stainless-steel T-piece union fitting 

(SS-400-3, 1/4 inch tube OD., Swagelok, USA) with a flow rate ranged from 0.1-0.4 

L/min. The displacement gas was used instead of the plasma gas for a higher breakdown 

voltage to make sure no plasma was generated during displacement current 

measurements122. 

5.2.6 Erosion crater characterization 

The erosion crater parameters such as the crater shape and the crater depth were 

measured by a non-contact optical profilometer (WYCO NT2000, Veeco, USA) based 

on a Mirau interference microscope. The phase-shifting interferometry mode (PSI) 
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allowed the depth resolution of 0.1 nm with the height range <160 nm. The total scan 

region was 1.236 x 1.236 mm, and the detector is 736 x 736 pixels. The lateral spatial 

resolution was determined by the pixel size of 1.68 µm. The data from the 

measurements were displayed and analyzed by the WYCO Vision 32 software and 

MATLAB 2018a. 

 

5.3 Results and discussion  

5.3.1 Line-of-sight spectral emission at the axial position with Cu sample 

It is instructive to look at the LOS spectral datacubes along the axial dimension 

to obtain an overview of the excited species. Fig. 5.2 shows different intensity 

distributions for the spectral windows at the axial position 0.5 mm inside (Fig. 

5.2a,c,e,g) or outside (Fig. 5.2b,d,f,h) of the capillary tip under the same plasma 

operating conditions. For example, in the 280-409 nm window inside the capillary (Fig. 

5.2a) the N2
+emission (391 nm) is most intense while N2 bands are about an order of 

magnitude less intense. In contrast, the outside the capillary (Fig. 5.2b) shows overall 

higher and comparable intensities for the N2 and N2
+ bands. It is also worth noting that 

a He I emission peak at 389 nm can be observed inside the capillary but not outside. 

Another example is for the 677-806 window, the relative intensity ratio of the He I to 

O I is >1 inside the capillary but <1 outside of the capillary. These rough distributions 

show how the concentration of atmospheric species is higher outside the capillary and 

suggests that the distribution of different plasma species may correlate to the energy 

transfer pathways.  
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Figure 5.2 Line-of-sight OES spectra measured at the axis positio 0.5 mm inside the 
capillary (a,c,e,g), and 0.5 mm outside of the capillary (b,d,f,h. The applied voltage is 
8 kV and the flow rate is 0.4 L/min. Note that the intensity cannot be compared directly 
across different spectral windows as the camera settings are different.   
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5.3.2 Isolated Cu sample 

5.3.2.1 Radially resolved emission intensity maps  

A 3-dimensional noise filter and Abel’s inversion algorithm protocol discussed 

in chapter VI was applied to the LOS OES data cubes. Fig. 5.3 show the radially 

resolved distribution of He I emission (3s 3S1 → 2p 3P0,1,2
o) at 706 nm123 with different 

plasma operating conditions. The dashed lines represent the position of the capillary 

and the Cu sample surface. In general, the radial distribution of He I emission shows 

a convex shape, which has the highest intensity in the axial position. Several emission 

distribution features can be observed when comparing different conditions. First, the 

 

Figure 5.3 Radially resolved He I (706 nm) optical emission intensity maps at varying 
applied voltage and plasma gas flow rate. 
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distribution along the axis shows that the intensity is higher inside the capillary and 

decreases in the open-air region between the capillary tip and the sample surface at 

0.1L/min. However, the intensity increases rapidly again and reaches its maximum at 

the sample surface at 0.2 L/min, and maintains a similar trend at 0.4 L/min but with a 

less intense peak at the sample surface.  Second, the overall intensity is slightly higher 

under the same flow rate when the applied voltage is increased from 6 kV to 8 kV. 

Third, the intensity inside the capillary decreases significantly (~ 50%) when the flow 

rate is increased from 0.1 L/min to 0.2 L/min.  

The nitrogen molecular ion (N2
+) plays an important role in the ambient 

ionization source, as it is generally agreed that N2
+ is responsible for the formation of 

the protonated water cluster, which is a common background and ionization reagent124-

126. Fig 5.4 shows the radially resolved distribution of N2
+ excited species, 0-0 first 

negative system (B 2∑u
+ → X 2∑g

+ transition) at 391 nm127. It is evident that the N2
+ 

has a much higher intensity in the open-air region between the capillary and the sample 

surface. The overall intensity increases along with both applied voltage and flow rate.  

A noticeable difference compared with the He I emission is that the N2
+ has lower 

intensity at the axial position, in the region adjacent to the capillary tip, and the 

resulting hollow-cone shape distribution surrounds the He I emission at the axis (cf. 

Fig. 5.3). And the outer layer of the hollow-cone shape extends further into the open-

air region with the increase of the flow rate.  
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Fig. 5.5 shows the radially resolved bandhead emission of excited N2, 0-2 

second positive system (C 3∏u → B 3∏g transition) at 337 nm127. For all the plasma 

operating conditions, the intensity of N2 emission is very low inside of the capillary 

and it increases from the capillary tip towards the sample surface where it reaches its 

maximum. The region of highest intensity is larger when the applied voltage is 

increased from 6kV to 8 kV under the same flow rate. When the flow rate increases, 

the radial profile changes from the convex-shape to the concave-shape, resulting in a 

hollow-cone distribution, similar to the one observed for the N2
+ emission but with a  

 

Figure 5.4 Radially resolved N2
+ (391 nm) optical emission intensity at varying applied 

voltage and plasma gas flow rate. 
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larger outer radius. The maximum intensity at the sample surface peaks at 0.2 L/min 

and decreases 0.4 L/min, which is similar to the He I emission distribution.  

The presence of excited helium dimer He2*, or helium excimer emission, is 

observed in the LOS spectra at 464 nm and 640 nm128. Rellergert et al. reported that 

for He dimer molecules, the singlet states are unstable with a radiatively decay in 

several nanoseconds. However, the triplet state molecules are “metastable” with a 

radiative lifetime of seconds due to a strongly forbidden spin flip required for the 

radiative transition to the ground state of two free atoms129. Here in this study, the 

strong band head of 640 nm (d 3∑u
+ → b 3∏g transition) is extracted for radial profile 

reconstruction (Fig. 5.6).  In general, the intensity of He2* increases with both the 

 

Figure 5.5 Radially resolved N2 (337 nm) optical emission intensity at varying applied 
voltage and plasma gas flow rate.  
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applied voltage and the flow rate. It is also very clear that increasing the flow rate 

results in a greater intensity of the emission outside of the capillary extending into the 

open-air region, with a second maximum at the sample surface with higher flow rate.  

Fig 5.7 shows the radially resolved emission intensity distribution of atomic 

oxygen ((4So)3p 5P1,2,3 → (4So)3p 5S2
o transition) at 777 nm123. In general, the radial 

distribution of He I emission shows the highest intensity in the axial position and 

gradually decreases toward the edge of the plasma. The emission distribution is similar 

to the He I emission and several features can be observed. First, with a 0.1 L/min flow 

rate, the lateral emission distribution along the axis is higher inside the capillary and 

 

Figure 5.6  Radially resolved He2
* (640 nm) optical emission intensity at varying applied voltage 

and plasma gas flow rate. 
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it decreases in the open-air region between the capillary tip and the sample surface. 

Second, with 0.2 and 0.4 L/min flow rate, the intensity increases rapidly again near the 

sample and reaches its maximum at the sample surface, and the maximum intensity of 

the 0.2 L/min is higher than 0.4 L/min. Third, the intensity inside the capillary 

decreases significantly (~ 55%) from 0.1 L/min to 0.2 L/min. 

5.3.2.2 Vibrational temperature 

Fig. 5.8 shows the radially resolved vibrational temperature map calculated 

from Boltzmann plots of the N2 emission intensity maps with different plasma 

 

Figure 5.7  Radially resolved O I (777 nm) optical emission intensity at varying applied voltage 
and plasma gas flow rate. 
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operating conditions. The vibrational temperature inside the capillary is ~1000 K with 

6 kV applied voltage and 0.1 L/min flow rate, and it increases with the increase of 

voltage or the flow rate. The vibrational temperature outside of the capillary can reach 

as high as 3000 K. The uncertainty of the slope calculation is ±3 ~ ±8 based on three 

replicate measurements, converting to an estimation of uncertainty in vibrational 

temperature of ± 120 K ~ 320 K, and the higher vibrational temperature has a higher 

temperature uncertainty, leading to the vibrational temperature ranging from 1000 ± 

 

Figure 5.8  Radially resolved vibrational temperature maps at different plasma 
operating conditions. 
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120 K to 3000 ± 320 K. It is observed that the vibrational temperature map shows a 

cone-shape outside of the capillary, and the size of the cone shape increases as the 

flow rate increases. It is also worth mentioning that the temperature decreases rapidly 

to only 500 K at the boundary of the cone shape.  

 

Figure 5.9 Radially resolved rotational maps at different plasma operating conditions. 
The temperature on the cross points of the solid lines are determined by the software 
fitting of the LIFBASE simulation, and the rest temperature information are calculated 
by the nearby cross points via 2-dimentional interpolation. 
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5.3.2.4 Rotational temperature 

Fig. 5.9 shows the radially resolved rotational temperature map with different 

plasma operating conditions. Note that the rotational temperature maps, as detailed in 

the experimental section, were determined by fitting simulated spectra via LIFBASE 

software, which makes pixel-by-pixel calculation of the Trot somewhat time-

consuming, thus enough spatial positions were selected to construct a temperature map 

via 2-dimensional interpolation algorithm. The selected spatial positions are depicted 

by the grid-line intersection points in Fig 5.8. The rotational temperature inside of 

capillary is around 450 K at 6 kV voltage and increases about 100 K at 8 kV. At lower 

flow rates, Trot decreases about 100 K toward the tip of the capillary and then 

increases near the sample surface where it reaches a maximum of ~700 K. As the flow 

 

Figure 5.10 The conduction current (red) of the plasma calculated by the subtraction of 
displacement current (green dash line, operated with nitrogen gas) from the total current 
(blue, discharged with helium gas). The applied voltage is 8 kV and the flow rate is 0.4 
L/min.   
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rate is increased, the region of lowest temperature is enlarged, and the maximum Trot 

region is constricted toward the sample surface. In contrast, at the highest flow rate, 

0.4 L/min, it is observed that the region of lower Trot is extended even further all the 

way to the sample surface.   

5.3.2.5 Electrical characterization 

The current measured during plasma operation is the total current (Itotal) 

composed of two parts: the current flow through the discharge, and the current flow 

through the dielectric122. The displacement current (Id) represents the current that flows 

through the dielectric when a different gas replaces the discharge gas and there is no 

active plasma present. The discharge current, or the conductive current (Ic), can be 

calculated by the following equation:  Ic= Itotal- Id.  

Fig. 5.10 shows a selected conduction current waveform calculated from the 

plasma total current and the displacement current waveforms. The single discharge 

 

Figure 5.11   a) the RMS and b) the peak-to-peak value of the conduction current as a function 
of flow rate. The applied voltage is set to 6 kV (red), 7 kV (blue) and 8 kV (magenta), 
respectively. 
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peaks shown in each positive and negative cycle indicate the plasma is in homogenous 

mode that leads to a more even/diffuse distribution of the discharge species, as 

opposed to a filamentary mode where the plasma species would be concentrated in 

different filament channels that would manifest as many random current peaks 

distributed along the waveform130-132. Fig. 5.11 shows the conduction current as a 

function of flow rate for different applied voltages. Both RMS (Fig. 5.11a) and peak-

to-peak current (Fig. 5.11b) increase as the voltage/flow rate increases.  

5.3.2.6 Discussion 

It is commonly believed that the generation of the He atoms excited to 

metastable levels (19.8 eV or 20.6 eV, denoted Hem*), or to a higher excited state 

(>20.6 eV, denoted He**) is through the electron-impact mechanism133,  

e−+He→e−+ Hem*       (5.1) 

e−+He→e−+ He**      (5.2) 

and the metastable states have a lifetime in the order of seconds, allowing the 

ionization process to occur efficiently134. There are several main routes for the loss of 

excited helium species with major products of He+, He2
+, and He2*.: 

metastable-metastable ionization135, 136: 

 Hem* + Hem* → He+ + He + e-   (k = 8.7 × 10-16 m3 s-1) (5.3) 

metastable-metastable associative ionization135, 136: 

 Hem* + Hem* → He2
+ + e- (k = 2.03 × 10-15 m3 s-1)  (5.4) 
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metastable induced association137: 

 Hem* + 2He → He2*
 + He  (k = 1.9 × 10-46 m6 s-1)   (5.5) 

Hornbeck-Molnar associative ionization138:  

 Hem** + He → He2
+ + e- (k = 1.5 × 10-17 m3 s-1)   (5.6) 

In order to explain the intensity peak of He I emission observed on the sample 

surface (cf. Fig. 5.3) one has to take into account the gas linear velocity. The gas linear 

velocity can be calculated from the flow rate, as the inner diameter of the capillary is 

150 µm:  velocity = (flow rate)/(cross-section area of the capillary)≈100 to 400 m/s. 

The gap between the tip and the sample surface is 1 mm, therefore, the residence time 

in this open-air region is 1 mm/(100 m/s -400 m/s) = 2.5 µs -10 µs. Notice that the He 

I emission wavelength is 706 nm with the transition 3s 3S1 → 2p 3P0,1,2
o. Compared 

with the metastables, the excited helium has a much shorter lifetime as it is reported 

that the energy exchange between the excited helium and other species is ~10-100 ns, 

much shorter than the residence time. Therefore, it is not likely that the excited species 

are originated inside the capillary and remain in the excited states without losing 

energy before they reach the sample surface.  

It is more likely that the excited helium species are formed near the sample 

surface. However, the electron-impact mechanism shown in Eq. 5.2 is not expected to 

be significant due to the region being far away from the powered electrode probably 

resulting in an electron energy that is not high enough to excite the neutral helium 

atoms.  A recombination mechanism is proposed by Deloche et al 135 and Chan et al100 

as the ion-electron dissociative recombination (three-body collision):  
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He2
+ + 2e-→ He*+ He + e- (k = 2.8 × 10-32 m6 s-1)   (5.7) 

He2
+ + e- + He→ He*+ 2He (k = 3.2 × 10-39 m6 s-1)   (5.8) 

It is generally believed that He2
+ to be dominant over He+ in number density 

and to play an important role as an energy carrier in the helium-based atmospheric 

plasma135, 139. Thus, only He2
+ is taken into consideration here for the recombination 

process. At lower flow rates, 0.1 L/min, the energy carrier species (He2
+) may not be 

able to reach the sample surface as efficiently, thus limiting the recombination near 

sample surface and resulting in the absence of a He I emission peak. With higher flow 

rates, it is possible there is a higher concentration of He2
+ , as supported by the higher 

currents measured which shows an increase in overall charge-carrier density, will be 

carried closer to the surface, making the recombination more significant, leading to a 

high intensity of the He I emission at the sample surface. On the other hand, is 

important to consider that a higher vibrational temperature region, which indicates a 

higher electron temperature, elongates toward the sample surface at higher flow rates. 

An increase in the electron temperature would lead to a decrease in the cross-section 

area in the recombination reaction, therefore lowering the recombination reaction rate 

eventually leading to a less intense He I emission peak at the sample surface. Future 

experimental design is needed to testify the hypothesis.  

A. Qayyum et al reported that the transitions related to the N2
+ first negative 

system (B 2∑u
+ → X 2∑g

+ transition) cannot be initiated in pure nitrogen plasma at 

atmospheric pressure. However, the transition is almost resonant in the helium-based 

ambient ionization source140. It is reported that there are three major reaction routes 
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for the N2
+ formation from the neutral ambient nitrogen gas. First, the Penning 

ionization with the helium metastable126:  

 Hem* + N2 → He + N2
+ + e-      (5.9) 

Second, the charge transfer between the helium dimer ion124:  

 He2
+ + N2 → 2He + N2

+      (5.10) 

Third, it can also go through the direct electron excitation with high-energy 

electrons. It is possible to perform the ionization and excitation at the same time 

through one step process141:  

 N2 (X 1∑g
+) + e- (E > 18.7 eV) → N2

+(B 2∑u
+) + 2e-   (5.11) 

Or it may go through the ionization and excitation separately with a two-step 

process142: 

 N2 (X 1∑g
+) + e- (E > 15.5 eV) → N2

+( X 2∑g
+) + 2e-  (5.12) 

and then   

N2
+( X 2∑g

+) + e- (E > 3.2 eV) → N2
+(B 2∑u

+) + e-   (5.13) 

As shown in Fig. 5.11, the increase of applied voltage or the flow rate will lead 

to an increase of the plasma conduction current, suggesting that there will be more 

charged species presented in the plasma that can contribute to the ionization and 

excitation of the ambient nitrogen gas. Therefore, the emission intensity increases as 

the applied voltage/flow rate increases. The extension of the hollow-cone shape 

emission into the open-air region can be explained by the fact that the increase of the 
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flow rate leads to an increase of the linear velocity, pushing more charged species 

further into the air. As previously discussed, the distribution of the He I emission 

outside of capillary shows a cone-shape, which correlates well with the hollow part of 

the N2
+ emission, indicating the energy transfers from the discharge gas species (He) 

to the ambient gas species (N2), following the energy transfer mechanism mentioned 

above. 

 Unlike other plasma species, the N2 emission has its maximum intensity at the 

sample surface, regardless of the voltage/flow rate settings. This phenomenon suggests 

that the sample surface plays an important role in the recombination process. One 

possible mechanism is proposed as the upper-level population of the N2 state (C 3∏u) 

can be populated via the direct electron-impact excitation141:  

 N2 (X 1∑g
+) + e- (E > 11.1 eV) → N2(C 3∏u) + e-   (5.14) 

However, this process is not likely to be the dominating mechanism for the 

formation of excited N2 because the presence of electrons with the required high-

energy may not be likely near the sample surface. The distribution relationship 

between the excited N2 and the N2
+ suggests that the energy of the excitation is more 

likely to come from the excited nitrogen ion species. A recombination mechanism is 

proposed for this energy transfer pathway100: 

  N2
+ + e- → N2*

      (5.15) 

where the electron can either be from the remaining electrons in the plasma or 

the electrons from other species (O2, H2O) via charge transfer. The observation that 

the N2 emission showing a higher intensity near the sample surface with 0.2 L/min 
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compared with other two flow rates can be explained by the same proposed hypothesis 

that the observed He I emission has a second maximum at sample surface coming from 

He* recombined from He2
+. The 0.2 L/min flow rate brings more N2

+ species to the 

sample surface compared with 0.1 L/min, while allowing lower electron temperature 

that leads to a higher cross-section of free electrons and higher reaction rate for the 

recombination process compared with 0.4 L/min. 

The lowest triplet helium excimer He2*
 (a 3∑u

+) has an energy of 18.1 eV138, 

which is higher than the ionization potential of the nitrogen (15.5 eV), indicating its 

potential for contribution to the ionization and excitation process in the plasma. 

However, the role of He2*
 has been argued to be unimportant mainly from two aspects: 

first, the energy of He2*
 is lower than the sum of the ionization and excitation energy 

of the N2 (X 1∑g
+ → B 2∑u

+ transition, 18.7 eV), making the reaction nonspontaneous; 

second, the number density of He2*
 are reported lower than Hem* in both vacuum143 

and atmospheric144 environment. Nonetheless, the observation in this study shows that 

the excited helium dimer may play an important role in the energy transfer pathways. 

First, according to the eq. 12 and eq.13, the N2 X 1∑g
+ → N2

+ B 2∑u
+ transition can be 

accomplished in a two-step process if the energy requirement is met. The energy of 

He2*
 (18.1 eV) is high enough for either ionization (15.5 eV) or excitation (3.2 eV) of 

N2
141. Second, the computer simulation results reported by T. Martens143, 144 shows 

that the number density of Hem* is greater than 40 times of He2*, with the simulated 

conditions of 20 kHz, 750 Vp-p applied square-wave voltage and 80 mbar pressure. In 

this study, however, it is clear that the emission intensity ratio of the Hem
*(587 nm)/ 

He2
*(640 nm) is less than 4 inside the capillary (Fig. 5.2c) and around 10 outside of 
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the capillary (Fig. 5.2g). The increase of the ratio suggests that there are more helium 

excimer loss occurs due to the energy transfer. Third, the radially resolved emission 

of He2*shows a similar distribution with Hem* as it has higher intensity inside the 

capillary and decreases in the open-air region, while the intensity is higher at the axial 

position. This pattern correlates to the distribution of N2
+ that makes it feasible for the 

energy transfer. 

It is generally agreed that the atomic oxygen is dominant over molecular 

oxygen in the atmospheric pressure discharge due to the breakdown of the molecules 

in plasma through the electron-impact dissociation145.   

e- + O2 → O* + O* + e-      (5.16) 

or the ozone impact dissociation146: 

O3 + O2 → O* + 2O2
m      (5.17) 

The higher intensity in the capillary with a lower flow rate suggests that the 

atomic oxygen generated from the molecular oxygen in the open air may be diffusing 

into the capillary. Higher diffusion rate will be achieved if the flow rate is smaller. It 

is also observed a similar distribution pattern with the He I emission: a second 

maximum is shown near the sample surface, and the peak intensity with 0.2 L/min is 

higher compared to other two flow rates. As the electron impact becomes insignificant 

in the afterglow region because of the rapid drop of the electron density, the higher 

reaction rate of ozone impact reaction is more favorable to the regeneration of the 

excited atomic oxygen.  
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Furter et al 147 reported a higher vibrational temperature (4500 ~ 8000 K) with 

the regular sized DBDI source (2 mm o.d.). However, the discharge voltage range they 

applied is from 10 kV to 20 kV, nearly 2 to 3 times higher than the applied voltage in 

this study. It is also reported that the increase of voltage or the flow rate will lead to 

an increase of the vibrational temperature147, which is a similar trend observed in this 

study, regardless of the difference of the size of the plasma source. It is worth noting 

that the vibrational temperature distribution has no correlation with the distribution of 

the N2 emission (Fig. 5.5). Instead, the intensity shape outside of capillary is showing 

a cone-shape distribution, which can fit into the hollow-cone shape of the N2
+ (Fig. 

5.4). The rapid decrease of the vibrational temperature at the edges of the cone 

indicates a fast decrease of the energy of the free electrons. 

A noticeable feature of the rotational temperature distribution is that with 0.1 

L/min flow rate, the rotational temperature outside of the capillary increases 150 ~ 200 

K towards the sample surface, while with 0.4 L/min flow rate, the temperature 

decreases 50 ~ 100 K, and the change is within this range with 0.2 L/min. One possible 

explanation for the rotational temperature drops in the open air is that with higher flow 

rate, more N2
+ particles inside the capillary tube, which has fewer electrons populated 

in higher energy states, will be carried out and pushes away the ambient species that 

populated higher rotational states. Another possible explanation refers to the energy 

transfer pathways. Although both Penning ionization (Eq. 5.8) and Charge-transfer 

(Eq. 5.9) reactions can produce excited nitrogen molecular ion, the population of the 

rotational states are different, leading to a different rotational temperature. It is 

reported that the PI pathway will yield the rotational temperature of 360 ± 30 K, while 
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the CT pathway will yield 900 ± 60 K148, 149. Therefore, it can be concluded that the 

temperature reflects the competition of the two reactions. Inside the capillary region, 

the PI pathway dominates over the CT pathway, and the later one has a greater impact 

in the open-air region as the CT requires a large amount of ambient nitrogen gas, 

leading to an increase of the rotational temperature in the open-air region. Nonetheless, 

when the flow rate increases, there will be more discharge gas carried into the open air 

and makes less contact with the N2, so the PI still dominates outside of the capillary 

with higher flow rate and the rotational temperature decreases.   

 

Figure 5.12   Profilometry images of a)Cu sample  and b) LDPE sample. c) shows 
the radially averaged cross-section profile of the Cu sample under different flow 
rates.  

 

 

FW 

Width at bottom 
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5.3.3 Crater characterization  

5.3.3.1 Crater measurement 

Fig. 5.12a shows the profilometry image of the Cu sample surface in contact 

with µDBD after 10 min with 8 kV applied voltage and 0.4 L/min helium flow rate. It 

is clear that a crater is created on the surface, indicating not only desorption, but also 

erosion occurs on the Cu sample. Notice that the crater bottom is higher than the 

surrounding positions, showing a convex shape crater.  

In contrast, a much larger but shallower crater is formed on the LDPE surface 

under the same plasma operation conditions, shown in Fig. 5.12b. According to the 

rotational temperature (>500K) at the LDPE surface calculated in the previous section, 

the large crater area is most likely due to the thermo-effect of the plasma since the 

LDPE starts softening after 350K. Fig. 5.12c shows the radially averaged cross-section 

profile of the crater. It is evident that the crater shows a convex shape at the bottom 

(blue line) with 0.4 L/min flow rate. However, the convex shape doesn’t exist in other 

flow rates, i.e., a concave shape bottom (red line) crater is formed with 0.3 L/min. The 

possible explanation of the shape of the crater formation will be discussed in the 

following sections. The full-width at the top, the full-width at half-maximum, and the 

width at the convex shape bottom (shown in Fig. 5.12c) will be used in the discussion.   

5.3.3.2 Correlation of crater shape and OES emission 

The plasma-sample surface interaction study is performed via the correlation 

between the crater shape and the radially resolved OES images. All the emission 

profiles are extracted at 52 µm (4 pixels) above the sample surface. Fig. 5.13a shows 

F

W 
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the comparison of full-width of the emission of 5 different plasma species, and the 

full-width at the top of the crater, with the applied voltage is 6 kV. It shows that the 

N2
+ emission has the best correlation with the crater full width with a percentage 

difference of 4% averaging all 4 flow rate conditions, the N2 has the similar trends 

with a larger diameter with an average difference of 32%, while the percentage is 39% 

 

Figure 5.13 The full width of the radially resolved emission of He, N2, 
N2+, O, and He2 (bar) at 52 µm above the sample surface compared 
with the full width at the top of the erosion crater (red line) from 0.1 to 
0.4 L/min flow rate. The applied voltage is a) 6 kV and b) 8 kV. The error 
bars represent the standard deviation of the triplicate measurements.  
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for He I, 28% for O I, and 35% for He2. A similar correlation relationship can be 

observed with 8 kV applied voltage (Fig. 5.13b). The average difference is 6% for N2
+ 

emission, 16% for N2 emission, and 45~65% for other emissions.  

Fig. 5.14 shows the comparison of FWHM of the emission of 5 different 

plasma species and the FWHM of the crater. The average difference with 6 kV (Fig. 

6a) is 70% for He I, 11% for N2, 43% for N2
+, 55% for O I, and 72% for He2. In Fig. 

6b it shows the difference is 56%, 9%, 18%, 52% and 68%, respectively. The N2 has 

a better correlation with the crater FWHM than other species. As mentioned in the 

crater characterization section, the crater shows a convex-shape bottom when the flow 

rate is 0.4 L/min. Therefore, the FWHM of the emission profiles are also compared 

with the full width of the convex bottom, shown in Fig. 6c. It is clear that the FWHM 

of the N2
+ emission is very close to the width of the bottom.  

According to the facts, it can be concluded that the erosion process is largely 

depended on the effluent of the nitrogen gas species, especially the excited nitrogen 

ion species with the following two reasons. First, the size of the craters has a high 

correlation with the full width of the N2
+ (~5%) emission under the same conditions. 

Second, as shown in previous sections, the emission of the N2/N2
+ species has a  higher 

intensity at the outer volume of the plasma jet compared with the axial position, 

showing a hollow-cone shape radial distribution. The FWHM of the cone-shape profile 

has a very similar size to the full width of the convex bottom of the crater, indicating 

the formation of the convex shape is due to the erosion of the N2
+. This conclusion is 

in agreement with the fact that the surface erosion efficiency with larger particles (N2, 

N2
+) is higher than the smaller particles (He, O).  



Texas Tech University, Songyue Shi, August 2019 
 

 

104 
 

 

 

Figure 5.14 The full width at half maximum of the radially resolved 
emission of He, N2, N2

+, O, and He2 (bar) at 52 µm above the sample 
surface compared with the FWHM of the erosion crater (red line) from 
0.1 to 0.4 L/min flow rate. The applied voltage is a) 6 kV and b) 8 kV. c) 
The FWHM of the emission are compared with the full width of the 
convex crater bottom with 0.4 L/min flow rate, and 6 or 8 kV voltage 
applied, respectively. The error bars represent the standard deviation of 
the triplicate measurements.   

 

 



Texas Tech University, Songyue Shi, August 2019 
 

 

105 
 

 5.3.4 Radially resolved emission intensity maps with LDPE sample 

The effect of the polymer sample is performed via the LDPE sample. Fig. 5.15 

shows the radially resolved distribution of He I emission (706 nm) with the LDPE 

sample of different plasma operating conditions. Compared with Cu sample, the most 

significant difference is that the position of the second maximum in the open air. For 

Cu sample, the second maximum is shown at the sample surface, while the relative 

intensity at the surface is much lower with the LDPE sample. It is clear that for the 0.2 

L/min flow rate with LDPE (Fig. 5.15b/e), the second maximum is shown at ~250-

 

Figure 5.15  Radially resolved He I (706 nm) optical emission intensity maps of LDPE 
sample at varying applied voltage. 
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300 µm above the sample surface, indicating the recombination reactions (Eq. 7/8) are 

more efficient there than on the surface.  

 Fig. 5.16 shows the radially resolved distribution of N2
+ emission (391 nm) 

with the LDPE sample. The distributions show a similar trend with the Cu sample, as 

the intensity of the nitrogen molecular ion emission increases with the flow rate/ 

applied voltage increases, as more charge species present in the plasma will contribute 

to the ionization and excitation of the neutral nitrogen gas. The hollow-cone shape can 

also be observed as the energy is transferred from the exited helium species to the 

 

Figure 5.16 Radially resolved N2
+ (391 nm) optical emission intensity maps of LDPE 

sample at varying applied voltage and plasma gas flow rate. 
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ambient gas species (Eq. 9/10) and the reaction occurs more efficiently where the 

afterglow of the plasma contact with the ambient nitrogen gas directly. However, the 

second maximum on the sample surface is not observed here with the LDPE surface.  

Fig. 5.17 shows the radially resolved distribution of N2 emission (337 nm) with 

the LDPE sample. The correlation between the distribution of the excited N2 and the 

N2
+ suggests that the energy of the excitation is likely to come from the excited 

nitrogen ion species through the recombination reaction (Eq. 15) as discussed in the 

previous section. The intensity decrease shown in 0.4 L/min flow rate supports the 

 

Figure 5.17 Radially resolved N2 (337 nm) optical emission intensity maps of LDPE 
sample at varying applied voltage and plasma gas flow rate. 
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proposed recombination mechanism. The linear velocity is higher with higher flow 

rate, pushing more charges species further into the open air region, which will cause 

the energy transfer interface (hollow-cone shape) away from the capillary, where the 

electron density will be lower, thus leading to a lower recombination reaction rate. 

Note that the second maximum on the sample surface is also not observed here with 

the LDPE surface.  

It can be concluded that the overall emission distributions of the representative 

plasma species with the LDPE sample follow similar trends compared with Cu sample. 

Therefore, the energy transfer pathways and mechanisms proposed in Cu section is 

further supported by the polymer sample. However, a significantly different 

distribution behavior at the sample surface is also observed between different sample 

materials. Even though the Cu sample is isolated, the difference in material still affect 

the surface properties, such as the electrons are much easier to accumulate on the 

LDPE surface than Cu surface, and the polymer may degrade and fragment on the 

surface in contact with the plasma tail, thus leading to a more complex surface plume. 

Bronold. et al 150 have discussed the wall charge and potential effect of the low-

temperature plasma on the sample surface. Instead of the common assumption that the 

plasma/solid surface interface is a perfect absorber for all electrons and ions, they 

propose that the ionized gas (plasma wall) accumulates electrons more efficiently than 

ions because of the difference between the influx of electrons and ions. Although the 

mechanisms are not fully understood yet, it is evident that the sample surface plays an 

important role in the plasma/sample interaction.  
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5.4 Conclusion 

In this study, the plasma diagnostics including the electrical characterization, 

emission distribution mapping, gas vibrational and rotational temperature 

determination were successfully performed. The conduction current of the plasma was 

calculated by using the nitrogen serving as the displacement gas while the helium as 

the discharge gas. The results show that higher applied voltage or discharge gas flow 

rate leads to a higher net current, indicating more charged species presented in the 

active plasma region. The high-resolution, radially resolved optical emission images 

of representative plasma species (He I, N2
+, N2, He2, O I) and were collected via the 

SPS-Pb-HSI and deconvoluted via the optimized Abel’s inversion algorithm, and the 

corresponding gas vibrational and rotational temperatures were also calculated or 

simulated. The radial distributions give insights into energy transfer pathways. The 

results show that the electron impact related reactions dominate inside the capillary, 

where the excited helium species, including helium metastables and helium dimer ions, 

are formed, which are then carried out of the capillary and contact directly with the 

neutral nitrogen from the atmosphere. The nitrogen is ionized and excited by Hem
* or 

He2
+ in the open-air region. The recombination mechanisms are believed to dominate 

in the µDBD effluent exposed to the atmosphere where the excited nitrogen species 

N2
* are formed from the N2

+ and free electrons. The exited helium dimer is also 

detected in the afterglow of the plasma, which has high enough energy to ionize or 

excite the neutral nitrogen gas, indicating another possible energy transfer pathway 

from helium dimer to the ambient gas. The surface is believed to have a role as 

indicated by emission peaks at Cu sample surface, while absent with polymer samples 
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nor when plasma not exposed to sample surface. The erosion crater characterization 

was also performed and compared with the emission profiles. The crater size correlates 

with the width of N2
+ emission, which indicates the nitrogen ion plays an important 

role in the surface erosion process via the µDBD jet. It is worth noting that the data 

processing algorithm and the proposed mechanisms here may be applicable to other 

atmospheric pressure plasma jets, for example for plasma-based ambient mass 

spectrometry. Future studies such as temporal-resolved emission maps and the 

distribution of Te and Ne emissions would allow confirming some of the proposed 

underlying mechanisms. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE WORKS 

 

In this dissertation, a new method for fast surface analysis of solid sample has 

been developed via a micro-dielectric barrier discharge coupled with mass 

spectrometry. The energy transfer pathways and the plasma-sample interaction 

mechanisms are also explored by optical emission spectroscopy using a pushbroom 

hyperspectral imaging system with sub-pixel shifting sampling algorithm, while the 

radially resolved information is obtained via Abel’s inversion transform.  

In summary, the mass spectra of the polymer sample are successfully obtained 

via the µDBD-AMS method and it is proven to be useful for direct surface polymer 

analysis. The mass spectral information of PE indicates a complex oxidation reaction 

occurs on the surface with the presence of ambient plasma. The hydride abstraction is 

proposed to be the domination mechanisms of the ionization process, thus producing 

ions with loss of hydrogen atoms. The mass spectrum of PEG indicates the 

decomposition of PEG ions is the major fragmentation and ionization mechanisms and 

a series of ions after C-O or C-C bond-cleavage reactions are observed with a mass 

spacing of 44, corresponding to the mass of the monomers. Furthermore, the generated 

crater shows the potential for depth profiling analysis. Future studies including thin-

film polymer characterization and plasma diagnostics are needed to determine the 

depth resolution capabilities and gain insights into underlying mechanisms of the 

plasma/polymer interaction. 
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The geometric super-resolution method based on sub-pixel shifting was 

successfully implemented along the scanning dimension on a Pb-HSI system. 

Periodic error in the SPS deconvoluted images was identified and traced to the 

noise present in the raw SPS images.  Frequency noise filters were designed to 

help minimize the error, and the optimized lowpass filter proved to remove the 

noise more efficiently than the notch filter scheme. SPS Pb-HSI images of the 

1951 USAF target confirmed that the improved resolution was achieved. It is 

evident that this method successfully improves the spatial resolution by 

allowing separation of the pixel size and the sampling rate. The advantage of 

the SPS protocol is that resolution improvement does not come with a decrease 

of FOV, loss of light throughput, or a shrink in the size of the detecting elements, 

which are typical of conventional approaches. These advantages allow Pb-HSI 

to be implemented for applications requiring higher spatial resolution 

An optimized Fourier-transform based Abel’s inversion algorithm is also 

successfully developed for extracting radially resolved optical emission maps from 

spectral images collected by SPS Pb-HSI. Before Abel’s inversion deconvolution, it is 

necessary to filter the noise and smooth the data profile for a better reconstruction 

efficiency. A three-dimensional median filter with a 3-pixel radius proved to be the 

optimized condition. Also, a systematic modeling study of the reconstruction 

parameters for different radial profile shapes and at varying noise levels shows that a 

minimum of 50 points and 8 cosine expansions is needed to keep the relative root mean 

squared error (rRMSE) <10%. The performance compares favorably against other 

Abel’s inversion reconstruction algorithms with the added advantage of spreading the 
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error along the profile, instead of accumulating at the axial position. The SPS protocol 

also allows having a higher number of data points along the dimension of Abel’s 

inversion deconvolution, which leads to a higher reconstruction fidelity.   

The electrical characterization of the µDBD source is also performed. The 

conduction current of the plasma was calculated by using the nitrogen serving as the 

displacement gas while the helium as the discharge gas. The results show that higher 

applied voltage or discharge gas flow rate leads to a higher net current, indicating more 

charged species presented in the active plasma region. The high-resolution, radially 

resolved optical emission images of representative plasma species (He I, N2
+, N2, He2, 

O I) and were collected via the SPS-Pb-HSI and deconvoluted via the optimized 

Abel’s inversion algorithm, and the corresponding gas vibrational and rotational 

temperatures were also calculated or simulated, yielding insights into energy transfer 

pathways and reaction mechanisms. The results show that the electron impact 

reactions are the major reactions inside the capillary, where the excited helium species, 

including helium metastables (Hem
*) and helium dimer ions (He2

+), are generated. 

These excited helium particles are then carried out with the plasma effluent and react 

with the neutral nitrogen coming from the open air. The nitrogen is ionized and excited 

by Hem
* or He2

+. The recombination reactions are considered to be the domination 

mechanisms in the µDBD effluent exposed to the atmosphere where the excited 

neutral nitrogen species N2
* are formed from the N2

+ and free electrons. The exited 

helium dimer is also detected in the afterglow of the plasma, which has high enough 

energy to ionize or excite the neutral nitrogen gas, indicating another possible energy 

transfer pathway from the helium dimer to the ambient gas. The surface is believed to 
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have a role as indicated by emission peaks at the Cu sample surface, while absent with 

polymer samples nor when plasma not exposed to sample surface.  The erosion crater 

characterization is also studied and compared with their corresponding emission 

profiles. The correlation between the crater size and the N2
+ emission profile indicates 

the nitrogen ion may be important in the surface erosion process via the µDBD jet.  

The proof-of-principle experiments of µDBD serving as an ionization 

source and depth-profiling tool were successfully performed with bulk 

polyethylene and polyethylene glycol materials. An interesting work can be 

performed in the future is the depth profiling of multilayer thin film polymers. 

The most commonly used method to produce polymer films is spin coating of 

the polymer precursor solution. The spinning will produce a thin layer of liquid 

and a homogenous thin film of polymer will remain on the substrate surface 

after evaporation. The second layer can be coated on top of the first dry layer. 

Many types of polymer thin films can be produced in this method, such as 

polyethylene, polystyrene, polydimethylsiloxane, and poly(methyl 

methacrylate), etc. The thickness of the film can be controlled by the 

concentration of the polymer solution and the spinning frequency, and the 

typical thickness of several to tens of micrometres can be achieved. Some 

research groups have proposed methods for producing ultra-thin films with 

nanometre-scale thickness151, 152. The crater information can be characterized by 

the same profilometry imaging system used in previous work or scanning 

electron microscopy if higher spatial resolution is needed.  
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In the bulk polymer experiments, the fragmentation and ionization 

mechanisms were proposed according to the m/z and the results showed in 

agreement with previously reported work. However, the preliminary data were 

obtained via linear ion trap with relatively lower mass accuracy. The future work 

with a much higher mass accuracy and resolution by using the orbitrap mass 

analyser and the MSn related expeirments will be beneficial to the verification 

of the m/z and the corresponding fragmentation mechanisms.   

In depth profiling experiments, the depth resolution is critical for the 

identification the boundary between different layers. Some preliminary results 

show that the crater shape, especially the bottom shape of the crater, may change 

with different plasma operating conditions, such as the flow rate or the 

composition of the discharge gas. The best depth resolution will be achieved if 

a flat-bottom shape crater could be generated. The optimization of the MS 

parameters, including the distances between the µDBD components, the 

distance between the sample and the inlet of MS, discharge gas flow rate, 

applied voltage and frequency, etc, is also needed to achieve the best results.  

While the work presented in this dissertation highlights the successful 

obtain of radially resolved OES images, there is still room for better 

understanding of the energy transfer pathways between plasma species. 

Compared with the applied frequency (30 kHz, or a corresponding 33.3 µs cycle 

period), the present OES acquisition were performed and averaged over a much 

longer time period (several minutes). However, the conduction current 

waveform in section 5.3.2.5 shows only one peak current per half cycle is 
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observed. The temporal resolved experiment and its correlation to the 

conduction current waveform will be beneficial to revealing the energy transfer 

pathways with the development of the plasma. When the power supply of the 

µDBD source provides an AC voltage, a synchronized trigger signal will be sent 

to the external trigger port of the ICCD camera, which will take images 

correspondingly. The duration of the trigger pulse can be optimized according 

to the time frame of the conduction current peak width. The synchronized OES 

images will have higher signal-to-noise ratio and better temporal resolution.  

Further work including error minimization approaches such as the 

implementation of a lock-in amplifier or the auto-correlation algorithm, which 

frequency is optimized based on the sampling rate, can be applied for better 

reconstruction results. An advanced motorized stage with a smaller scan step 

size (higher sampling frequency) can be used in the future to achieve higher 

spatial resolution. Furthermore, the proposed algorithm can also be used for 

improving the spectral resolution, with a similar SPS protocol based on the 

scanning in the wavelength domain, e.g. rotating or moving the dispersion 

grating. Emission distribution of other elements, such as Te and Ne would allow 

confirming some of the proposed underlying mechanisms as well. 

It is also worth noting that the data processing algorithm and the 

proposed mechanisms here are not limited by the µDBD source only, it may 

also be applicable to other emission sources, e.g. the ionization sources utilized 

for plasma-based ambient mass spectrometry. Other pushbroom hyperspectral 
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imaging systems such as remote sensing can also be benefited from those 

algorithms. 
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