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Abstract 

Laser Induced Fluorescence Studies of Electrostatic Double Layers in Expanding Helicon 

Plasma 

Jerry Carr Jr. 

We report the first evidence of a laboratory double layer (DL) collapsing in the presence 

of an instability studied by Chakraborty Thakur et al.
1
 with the use of time resolved laser 

induced fluorescence (LIF) studies. Higher time resolution studies then provided the first 

statistically validated proof of the correlation between the ion acoustic instability and a DL. 

Time-frequency analysis in the form of time resolved cross power spectra and continuous 

wavelet transforms were used to provide insight into beam formation. The implications of this 

work is that in the creation of strong DLs in expanding plasmas for plasma propulsion or other 

applications may be self-limited through instability growth.  

Over the past decade, experimental and theoretical studies have demonstrated the 

formation of stable, electrostatic, current-free double layers (CFDLs) in plasmas with a strong 

density gradient; typically a result of a divergent magnetic field. In this work, we present 

evidence for the formation of multiple double layers within a single divergent magnetic field 

structure. Downstream of the divergent magnetic field, multiple accelerated ion populations are 

observed through laser induced fluorescence measurements of the ion velocity distribution 

function. The formation of the multiple double layer structure is a strong function of the neutral 

gas pressure in the experiment. The similarity of the accelerated ion populations observed in 

these laboratory experiments to ion populations observed in reconnection outflow regions in the 
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magnetosphere and in numerical simulations is also described. If ion energization during 

magnetic reconnection also results solely from acceleration in electric fields, these observations 

imply a prediction that the ion heating, i.e., the broadening of ion velocity distribution functions, 

reported in magnetic reconnection experiments is more accurately described by a superposition 

of differently accelerated ion populations. Therefore, the ion ñheatingò rate during reconnection 

should scale as the square root of the cube of the charge per unit mass ή άϳ Ⱦ  for ions with 

varying charge-to-mass ratios. 

A new RFEA probe was benchmarked on the low pressure CFDL plasmas produced in 

WVU HELIX -LEIA. This work was the result of collaboration between the University of 

Tromsø (UiT) and WVU. LIF was used to confirm the RFEAs ability to detect a beam when one 

was present. The RFEA was also able to detect the presence of a beam when LIF techniques 

were limited by metastable quenching. The probeôs limitations in dealing with ion focusing are 

discussed as well. 

                                                           
1
 S. Chakraborty Thakur, Z. Harvey, I. A. Biloiu, A. Hansen, R. A. Hardin, W. S. Przybysz, and 

E. E. Scime, Phys. Rev. Lett., 102, 035004 (2009). 
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Chapter 1: Introduction  

The research presented here focuses on double layers (DL) which have been shown to 

occur in both space and laboratory plasma.  The goal of this investigation was to conduct 

additional studies on double layer formation. Fields such as space propulsion have benefited 

from past DL research with the invention and validation of the helicon double layer thruster 

(HDLT).
1
 Still, challenges remain that stem from not fully understanding the mechanism of DL 

generation. The observation of U shaped potentials in an expanding helicon device
2,3

 implies that 

one dimensional models of DL formation must be replaced entirely with multi-dimensional 

models.
4
 Current free double layer (CFDL) research continues to provide opportunities for the 

plasma physics community to expand its understanding of sheath-related physics. 

This dissertation encompasses both the development and enhancement of diagnostic 

methods as well as explorations of fundamental physics. Instabilities that govern the appearance 

of a DL
31

 (as evidenced by the presence of an accelerated beam of ions) were explored in greater 

detail with new time-frequency analysis methods. A new, modular, retarding field energy 

analyzer (RFEA) probe was also benchmarked, enabling DLs to be studied without the issues 

associated with metastable quenching that interfere with laser induced fluorescence techniques.  

These investigations also raised questions regarding previous observations in space 

plasmas where multiple accelerated ion populations are typically attributed to magnetic 

reconnection. These observations suggest that observations of ion heating during magnetic 

reconnection may not be evidence of true irreversible heating and might, instead, reflect 
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averaging over a complex collection of double layers.
5
 Thus, more caution must be used when 

analyzing ion velocity distribution measurements from systems in which magnetic reconnection 

occur in regions of divergent magnetic fields.   

  The rest of this chapter provides an overview of double layers with a particular focus on 

current free double layers (CFDLs). Relevant observations of CFDLs in both space and 

laboratory are discussed in preparation for explaining the new observations presented in Chapter 

5. For example, the THEMIS satellite array, which is designed to study substorms in the Earthôs 

magnetosphere, recently detected the presence of DLs in the plasma sheet. In the same region, 

complex ion beam structures are observed by plasma instruments aboard THEMIS. These ion 

beam structures are currently attributed to magnetic reconnection events which are identified in 

magnetic field measurements. Our laboratory observations will show that caution should be 

applied when interpreting complex ion beam structures as evidence of magnetic reconnection if 

other substantiating measurements are unavailable. Chapter 3 covers the diagnostics used to 

gather the data while Chapter 4 provides a detailed description of the signal processing 

techniques employed for time resolved measurements. A summary of the major results and 

suggestions for future work are presented in Chapter 6.  

1.1 Double Layers 

In its simplest form, a double layer (DL) consists of two spatially separated charge layers, 

one positive and one negative. A DL acts very much like a sheath. However, whereas a 

conventional sheath appears at the surface of an object inserted into the plasma or at the plasma 

boundary, a DL is a freestanding structure that can appear anywhere within the plasma. Figure 
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1.1 shows a schematic of a DL from Blockôs review article on double layers.
6
 Note that even in 

quasi-neutral plasma, quasi-neutrality is violated within the DL. Whereas a sheath at a boundary 

is roughly a Debye length thick, DL thicknesses are predicted to be 10 ï 50 times the Debye 

length.
6
 The Debye length is a measure of the shielding distance or thickness of a sheath and is 

defined as 

 ‗ ḳ
ὯὝ

ὲὩ

Ⱦ

 ȟ (1.1) 

 

where  is the permittivity of free space, Ὧ  is the Boltzmann constant, Ὕ is the electron 

temperature, ὲ is the plasma density, and Ὡ is elementary unit of charge.
7
 DLs often separate 

regions of plasma with widely different densities and temperatures and are an important 

mechanism for the acceleration of charged particles along magnetic fields in laboratory and 

astrophysical plasmas.  
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Figure 1.1. A cartoon showing the potential, electric field and space charge through a double layer. Figure obtained 

from Ref. [6]. 

Since 2002, several laboratory experiments have reported observations of spontaneous 

formation of current free double layers (CFDLs) in expanding plasmas with a diverging 

magnetic field.
8,9,10,11,12

 These DLs are considered ñcurrent freeò because no net current is 

injected into the plasma.  Instead, the DL spontaneously appears at low pressures in divergent 

magnetic field regions.  

 Through decades of in-situ measurements, CFDLs or other magnetic field aligned electric 

fields have been identified as a source of precipitating electrons
13

 and upwelling ions
14

 in the 
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Earthôs magnetosphere. In space and laboratory measurements, evidence for a CFDL is provided 

by a population of accelerated ions or electrons or direct measurements of the electric potential 

structure. In ion energy distribution function measurements by spacecraft, CFDLs have been 

identified in magnetospheric regions ranging from the auroral zone to the plasma sheet.
15

  

 DL review articles often focus on specific sub-topics within the broader DL research 

area. Raadu
16,17

 for example, addressed the basic physics of DLs through laboratory measure-

ments and noted implications for space and astrophysical plasmas such as the presence of 

instabilities in both. Hershkowitzôs review
18

 focused on early laboratory experiments. Elizer and 

Hora
19

 focused on rarefaction shocks. Charles et al.
20

 reviewed additional laboratory measure-

ments that emphasized the new discovery of CFDLs in expanding helicon plasma devices. 

Singhôs very recent review
4
 focused on explaining basic plasma processes found in CFDL 

formation while also discussing significant laboratory experiments, simulations and space 

observations. 

1.2 Space Observations of Current Free Double layers 

 Recent measurements from the THEMIS satellites have established the prevalence of 

double layers in the plasma sheet. The plasma sheet, shown in Fig. 1.2, is a relatively speaking 

high density collisionless plasma region in the ecliptic at the earthward end of the magnetotail.
21

 

Ion temperatures in the plasma sheet are ~ 5 10
7 
K. Fig. 1.3 shows the location of the THEMIS 

(Time History of Events and Macroscale Interactions during Substorms) probes in the Earthôs 

magnetosphere. The THEMIS mission, which includes five identical satellites, was designed to 

examine the nature of the impulsive events that release solar wind energy stored within the 
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Earthôs magnetotail.
22

 Orbit apogees of the satellites (in units of Earth radii, RE) are 10 (probe 

A), 12 (probes D and E), 20 (probe C), and 30 (Probe B). Each spacecraft is equipped with 

electron and ion analyzers, a three-axis electric field instrument, and magnetometers. 

 

Figure 1.2. Cartoon of the Earthôs magnetosphere. Note the location of the plasma sheet.  Figure courtesy of ESA/C. 

T. Russell. 
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Figure 1.3. THEMIS satellites in their ñalignedò configuration. Note THEMIS Bôs position on the tailside of the 

reconnection site. (Courtesy of NASA). 

Evidence for DLs in the plasma sheet is shown in Fig 1.4a-1.4d.  The data show two 

bursty bulk flow events recorded on 24 Mar 2003 with THEMIS Probe D. Event 1 was recorded 

at 8192 samples/s, the high time resolution setting (Fig 1.4a-1.4c). Event 2 was recorded at only 

128 samples/s (Fig 1.4d). The parallel component of the electric field, Ὁ᷆, and two components 

of the perpendicular electric field are shown in Fig 1.4a-1.4c as measured with three orthogonal 

dipole antennas. The Ὁ᷆ measurement shows strong turbulence from -0.05 to 0.10 seconds, 

followed by a smooth ramping to a constant electric field. The constant value of Ὁ᷆ persists from 

0.12 to 0.14 seconds. Ergun et al. (2009) refer to the unipolar Ὁ᷆ structure adjacent to a turbulent 

region as a ñsignatureò and points out that this signature is identical to those identified as double 

layers in the auroral ionosphere.
15
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Figure 1.4. (a) Parallel electric field sampled at 8192 Hz during Event 1. (b) and (c) are the perpendicular electric 

field. (d) Parallel electric field sampled at 128 Hz during Event 2. (e) and (f ) are the electron energy flux and  

parallel electric field of an auroral  DL sampled at 32768 Hz. Figure adapted from Ref. [15]. 

Fig. 1.4e-1.4f is a measurement of a DL in the auroral ionosphere obtained by the FAST 

(Fast Auroral SnapshoT) spacecraft for comparison to the plasma sheet data. The FAST satellite 

measured electromagnetic fields and charged particle distributions in the earthôs auroral zone.
23
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The FAST satellite was in a near-polar orbit with an 83º inclination, a 350 km perigee, and a 

4175 km apogee. The FAST satellite instrument complement included electron and ion 

spectrographs, 3-axis electric and magnetic field instruments.
24

 The electric field instruments 

detected an electron beam (Fig. 1.4e) consistent with a double layer-like potential structure (Fig 

1.4f), confirming the presence of an auroral double layer. The THEMIS electric field 

observations in the plasma sheet display the same characteristics. 

Ergun et al. (2009) then deduced the detection of tens of DLs throughout the plasma 

sheet in spite of the fact that THEMIS only has the ability to record with highest resolution for 

only 0.05% of the orbit. Previous researchers had expected that the observation of DLs should be 

statistically rare since the DLs occupy a very small spatial volume in the magnetosphere. Thus, 

Ergun et al. (2009) concluded that DLs occur frequently in the plasma sheet during magnetic 

activity.
15

  

1.3 Laboratory Studies of Double Layers 

   
Nearly all recent laboratory DL experiments have been performed in helicon plasma 

devices. As stated previously, Charles et al.
20

 and Singh
4
 provide a thorough review of recent 

CFDL experiments. Chakraborty Thakur provides a thorough review of DL experiments prior to 

2010 at WVU.
25

 Here a few recent developments in laboratory DL experiments are reviewed as 

well as one of the theoretical models proposed as an explanation for the laboratory DL 

observations. The focus will be on experimental results along with a crude model that does not 

completely explain our multiple DL laboratory observations. However, the model does offer a 

possible explanation for the source of multiple double layers and the analysis of the 
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measurements includes suggestions for future investigations that might more clearly identify the 

physical processes that create the complex ion velocity distribution functions (IVDFs).  

1.3.1 Current Free Double Layer Observations at ANU 

Having obtained some of the first measurements of CFDLs in the laboratory over a 

decade ago, the Space Plasma, Power and Propulsion Group, at the Australian National 

University (ANU) recently moved on to DL experiments designed to investigate similar DL 

geometries as those explored by the FAST satellite.
2,3

 A schematic of their experimental device 

known as CHI KUNG is shown in Fig. 1.5. The CHI-KUNG sketch provides a general sense of 

how helicon plasma sources with expansion regions are configured.
3
 The dimensions vary by 

device (WVU helicon source is much larger). The expansion geometry sets up an abruptly 

diverging magnetic field after a uniform magnetic field in the source region.  

 

Figure 1.5. Schematic of the CHI KUNG expanding plasma device with diverging magnetic field lines. Diagnostics 

include the RFEA and rf compensated Langmuir probe. The parabola shown by a solid line near the exit of the 

plasma source is the low potential edge of the DL. Figure obtained from Ref. [3]. 
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Shown in Fig 1.6a is the auroral model used to evaluate the path of the FAST satellite as 

it travelled through the downward current region. The downward current region is characterized 

by parallel electric fields which produce anti-earthward energetic electron fluxes (up to several 

keV) carrying the ñdownwardò current in the auroral zone.
24

  Fig. 1.6b shows the experimental 

configuration used by the ANU group. The probe path through the DL in the divergent magnetic 

field at the end of the source is analogous to the path of the satellite. The U shaped potential 

structure identified by Ergun et al. (2003) demonstrated that DLs can exist in weakly converging 

magnetic fields. For the ANU experiments, a retarding field energy analyzer (RFEA) probe, 

described in greater detail in Chapter 3, mapped out the ion beam current and the plasma 

potential in the plasma. With the RFEA, the ANU group obtained the 2D equipotential and ion 

density contours shown in Figure 1.7. The double layer extends between the 46 V and 36 V 

contours in Fig 1.7a with the red line providing a contour fit to the low potential side. The ion 

density profile (Fig. 1.7b) shows that the areas of greatest density are located along the most 

divergent magnetic field line. Thus, the ANU laboratory experiments confirmed that a U shaped 

DL structure can be created in the laboratory with a weakly diverging magnetic field.  
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Figure 1.6. A schematic interpreting the observations from (a) the FAST satellite traveling through the downward 

current region. Ὦ represents the downward accelerated ion current (b) The laboratory probe traversing the 

experimental double layer. Figure obtained from Ref. [2]. 
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Figure 1.7. (a) 2D equipotential contours measured with the RFEA. The DL extends between the 36 and 46 V 

contours. The solid parabolic line represents a fit of the 36 V contour which is the low potential edge of the U-

shaped current-free double layer. The solid diverging line shows the most diverging magnetic field line exiting the 

source. (b) 2D contours of the ion density measured with the RFEA. Figure obtained from Ref. [3,4]. 

1.3.2 CFDLs in Expanding Helicon Plasmas Theory  

The one dimensional DL theory created by Lieberman and Charles was proposed to 

explain the early one-dimensional CFDL measurements.
26,27

 Their diffusion-controlled model 

coupled the dynamics of the particles in the non-neutral DL to the diffusive flows of the quasi-

neutral plasma in the source and expansion chambers. To ensure that the DL was current-free, in 
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addition to the conventional four DL populations described by Andrews and Allen,
28

 the model 

required another population of counter-streaming electrons, formed by the reflection of almost 

all of the accelerated electrons from the sheath at the insulated end wall of the source chamber. 

Several published accounts from the WVU Helicon Plasma Group have reported increased levels 

of upstream ionization during the observation of a DL consistent with this theory.
25 ,29

  

Singh argues in his review article that this diffusion controlled model is of limited 

validity because while it may be able to explain the parallel potential drop in the observed U 

shaped double layer, it does not explain the perpendicular potential drop.
4 

Singh bases his 

argument on an analysis of magnetization and transit times. A particleôs gyromotion about a 

magnetic field line is describable with a cyclotron motion of period  

 †
ς“



ς“ά

ȿήȿὄ
 ȟ (1.2) 

 

and radius, the Larmor radius, of  

 ”
άὺ

ȿήȿὄ
 ȟ (1.3) 

 

where ί denotes species, 
ȿ ȿ
 ȟ is the cyclotron frequency of the denoted species, ά is the 

mass, ή is the charge of the species, ὄ is the magnetic field strength and ὺ is the velocity 

component perpendicular to the magnetic field (in this case the thermal velocity).
30
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Using data provided by Charles et al.,
2,3

 Singh compares the time it takes to transverse 

the parallel DL to the cyclotron period, a measure of how much influence the background 

magnetic field has on a particle. For the CHI KUNG experiment, the ions are unmagnetized and 

the electrons are highly magnetized. The difference in magnetization implies that when the 

electrons exit the source, they will quickly follow the diverging magnetic field, and then attract 

ions through a self-consistent perpendicular electric field, setting up the large conical structure 

shown in Fig. 1.7b. 

Singh argues that when perpendicular electric fields develop near density gradients due to 

differing electron and ion Larmor radii, the perpendicular electric fields are shorted out by 

conducting boundaries in a laboratory plasma. The resulting parallel electric field may then be 

localized at a single DL or be spread out across multiple DLs. Singh makes the claim that the 

perpendicular electric field is the source of the potential drop that drives the CFDL in an 

expanding helicon source.
4
  

For the WVU expanding helicon device during typical DL studies, the upstream magnetic 

field is 7 X 10
-2

 Tesla, the thermal temperatures are Ὕ ~ 0.2eV and Ὕ ~ 0.6 eV, and the parallel 

scale length of the DL is ~ 30 cm. Using this information along with the mass of the argon ion 

and an electron in Eq. 1.2 and Eq. 1.3, the cyclotron period for the ions and electrons are †~ 37 

‘s and †  ~ 0.5 ns respectively. From the temperatures, the thermal velocities for the ions and 

electrons are ~ 690 m/s and ~ 10
6
 m/s, giving parallel double layer transit times † ~ 430 ‘ί 

and † ~ 290 ns. Unlike the CHI KUNG experiment, both ions and electrons are considered 

magnetized but the electrons are much more magnetized, (†  < †  and †  <<  † ). The 

fact that both species are magnetized in the WVU helicon device mitigates Singhôs claim that the 
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perpendicular electric field is the driving force to all CFDL helicon sources. The ions are likely 

to follow the magnetic field lines into the double layer along with electrons. Consequently, the 

Lieberman and Charles diffusion controlled model used by Chakraborty Thakur et al. to explain 

upstream ionization has more validity in WVU expanding helicon plasma source. What is also 

true, however, is that the ion Larmor radius, (”ͯ   4 mm at the beginning of the DL, ~ 10 cm at 

the low potential side) may be substantial enough for the ions to sample some of these other 

nonparallel potentials that may be present in the DL.      

1.3.3 Double Layer Laboratory Studies at WVU 

The WVU Helicon Plasma Group has also made substantial contributions to CFDL 

laboratory research. Chakraborty Thakur
25

 and Scime et al.
31

 provide a thorough review of 

previous WVU research. Sun et al.
32

 provided the first published observation of supersonic ion 

flows in WVUôs expanding helicon experiment and was followed by more detailed observations 

of a CFDL that are described in Ref. [10]. This present work finds its inspiration largely in trying 

to go beyond the studies published in Biloiu et al.
33

 and Chakraborty Thakur et al.
29

 A brief 

synopsis of those studies will be given here, with specific facets reviewed in the relevant portions 

of Chapter 5. 

 Chakraborty Thakur et al.
29

 performed a series of pivotal experiments that investigated 

the effect of only changing the antenna frequency on the formation of the ion beams downstream 

of a low pressure expanding helicon argon plasma. All other source parameters such as the 

magnetic field in the source and expansion chambers, the power supplied to the driving antenna, 

and the neutral gas pressure were held fixed. The velocity of the ion beam in the source 
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(upstream, black squares) and in the diffusion chamber (downstream, red circles) is shown as a 

function of the antenna frequency in Fig. 1.8.  Above the antenna frequency threshold of 11.5 

MHz, the ion beam appears downstream of the plasma source and the beam velocity decreases 

with increasing driving frequency. The decrease in downstream ion beam velocity with 

increasing driving frequency suggests that the ion beam velocity would be even larger at lower 

driving frequencies if whatever mechanism that prevents ion beam formation did not appear at 

the antenna frequency of 11.5 MHz. An electrostatic double probe was also used to measure the 

frequency spectrum of the electric field fluctuations for plasmas with and without a stable double 

layer. The electrostatic fluctuation measurements pointed to a beam-driven, ion acoustic 

instability as the mechanism responsible for suppression of the DL at low antenna frequencies.
29
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Figure 1.8. Upstream (black squares) and downstream (red circles) ion beam velocity versus antenna frequency. 

The velocities have been corrected for Zeeman shifts and the angle of the downstream LIF probe. The downstream 

ion beam vanishes for lower antenna frequencies. Figure obtained from Ref. [29]. 

We suggest the following interpretation of these observations. At antenna frequencies 

below 11.5ï12 MHz, a strong DL forms and accelerates an ion beam to velocities greater than 

the sound speed. The accelerated ion and electron beam currents exceed a threshold for 

excitation of a current-driven instability and large electrostatic fluctuations develop; thereby 

destroying the strong potential gradient necessary for the DL and the DL collapses. The 

instabilities appear as large amplitude noise on Langmuir probe and RFEA measurements in 

steady-state discharges. The DL is stronger (the relative intensity of the ion beam is larger and 

the ion beam velocity is larger) at lower antenna frequencies because the coupling of rf energy 

into the plasma improves at lower antenna frequencies. Thus, it is at the higher antenna 

frequencies that the ion beam persists in both the pulsed and steady-state discharges.  

Once the rf power coupling efficiency drops at higher antenna frequencies, a stable, but 

weaker, DL forms; the electrostatic noise is significantly reduced; and the ion beam appears 

downstream. Consistent with this hypothesis are the measurements of the upstream bulk ion 

speeds and the downstream ion beam velocities shown in Fig. 1.8 The downstream ion beam 

velocity clearly increases with decreasing antenna frequency (the DL is getting stronger) until 

the beam abruptly vanishes downstream. The upstream beam velocity is relatively constant at the 

higher antenna frequencies and then begins to drop at the same threshold antenna frequency (11 

MHz) for which the downstream beam vanishes. In the time resolved studies, two ion beam 

velocity and amplitude cases were obtained through two different divergent magnetic field 
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mirror ratios. For the larger beam velocity and amplitude case, the instability grows while the DL 

collapses (the ion beam vanishes). For smaller beam velocity and relative amplitude case, the ion 

beam persists throughout the discharge and no electrostatic fluctuations are observed; consistent 

with the higher beam velocity results obtained in the steady-state discharge experiments. 

Because the growth of the instability disrupts the DL, these measurements provide a 

unique means of experimentally studying the physics related to the formation of a current-free 

DL in expanding plasmas. These experiments are not the first to indicate the presence of low 

frequency instabilities associated with current-free DLs
34

 or with DLs created in divergent 

magnetic fields.
35

 However, to the best of our knowledge, complete collapse of a DL correlated 

with the appearance of intense electrostatic instabilities had not been reported previously in a 

laboratory experiment. These results suggested that creation of strong DLs in expanding plasmas 

for plasma propulsion
36,37

 may be self-limited through instability growth and also demonstrated a 

mechanism for the collapse of naturally occurring DLs. The nature of this instability is discussed 

in greater detail in Section 4.1 and additional results and analysis motivated by this work are 

presented in Section 5.1. 

  



20 
 

Chapter 1 References

                                                           
1
 C. Charles, R. Boswell, P. Alexander, C. Costa, and O. Sutherland, L. Pfitzner, R. Franzen, J. 

Kingwell, A. Parfitt, P.-E. Frigot, J. Del Amo, and G. Saccocia, IEEE Trans. Plasma Sci., 36, 

1196 (2008). 

2
 C. Charles, R. W. Boswell, R. Hawkins, Phys. Rev. Lett. 103, 095001 (2009). 

3
 C. Charles, Appl. Phys. Lett. 96, 051502 (2010). 

4
 N. Singh, Phys. Plasmas 18, 1 (2011). 

5
 J. Carr, Jr., P. A. Cassak, M. Galante, A. M. Keesee, G. Lusk, R. M. Magee, D. McCarren, E. 

E. Scime, S. Sears, R. Vandervort, N. Gulbrandsen, M. Goldman, D. Newman, and J. P. 

Eastwood, Phys. Plasmas 20, 072118 (2013). 

6
 L. P. Block, Astrophys. And Space Sci. 55, 59 (1978)   

7
 F.F. Chen in Introduction to plasma physics and controlled fusion: Volume 1, (Springer 

Science and Business Media, LLC, 2006). 

8
 S. A. Cohen, N.S. Siefert, S. Stange, R.F. Boivin, E.E. Scime, and F.M. Levinton,  Phys. 

Plasmas 10, 2593 (2003). 

9
 C. Charles and R. W. Boswell, Appl. Phys. Lett. 82, 135 (2003). 

10
 X. Sun, A. M. Keesee, C. Biloiu, E. E. Scime, A. Meige, C. Charles C and R. Boswell Phys. 

Rev. Lett. 95, 025004 (2005). 

11
 N. Plihon, C. S. Corr, and P. Chabert, Appl. Phys. Lett. 86, 091501 (2005). 

12
 K. Takahashi, C. Charles, R. Bowell, and R. Hatakeyama, Phys. Plasmas 15, 074505 (2008). 

13
 R. D. Albert and P. J.  Lindstrom, Science 170, 1398 (1970). 



21 
 

                                                                                                                                                                                           
14

 D. Schriver, M. Ashur-Abdalla, R.J. Strangeway, R.L. Richard, C. Klezting, Y. Dotan, J. 

Wygant, J. of Geophys. Res., 108, COA21 (2003). 

15
 R. E. Ergun, L. Andersson, J. Tao, V. Angelopoulos, J. Bonnell, J.P. McFadden, D.E. Larson, 

S. Eriksson, T. Johansson, C.M. Cully, D.N.  Newman, M.V. Goldman, A. Roux, O. 

LeContel, K.-H. Glassmeier, W. Baumjohann, Phys. Rev. Lett. 102, 155002 (2009). 

16
 M. A. Raadu, Astrophys. Space Sci. 144, 43 (1988); Phys. Rep. 178, 25 (1989). 

17
 M. A. Raadu, Space Sci. Rev. 68, 29 (1994). 

18
 N. Hershkowitz, Space Sci. Rev. 41, 351 (1985). 

19
 S. Eliezer and M. Hora, Phys. Rep. 172, 339 (1989). 

20
 C. Charles, Plasma Sources Sci. Technol. 16, R1 (2007). 

21
 K. Seki, M. Hirahara, M. Hoshino, T. Terasawa, R. C. Elphic, Y. Saitok, T. Mukaik, H. 

Hayakawak, H. Kojima and H. Matsumoto Nature, 422, 589 (2003). 

22
 V. Angelopoulos, Space Sci. Rev. 141, 5 (2008). 

23
 C. W. Carlson, R.F. Pfaff, J. G. Watzin, Geophys. Res. Lett. 25, 2013 (1998). 

24
 R. E. Ergun, L. Andersson, C.W. Carlson, D. L. Newman, and M.V. Goldman, Nonlinear 

Proc. Geophys. 10, 45(2003). 

25
 S. Chakraborty Thakur, Understanding Plasmas through Ion Velocity Distribution Function 

measurements, Ph. D. Thesis, West Virginia University, Morgantown (2010). 

26
 M. A. Lieberman, C. Charles and R. W. Boswell, J. Phys. D: Appl. Phys. 39 3294 (2006).   

27
 M. A. Lieberman and C. Charles, Phys. Rev. Lett. 97 045003 (2006).   

28
 J. G. Andrews and J. E. Allen, Proc. R. Soc. London A 320, 459 (1971).   

29
 S. Chakraborty Thakur, Z. Harvey, I. A. Biloiu, A. Hansen, R. A. Hardin, W. S. Przybysz, and 

E. E. Scime, Phys. Rev. Lett. 102, 035004 _2009. 



22 
 

                                                                                                                                                                                           
30

 P. M. Bellan, in Fundamentals of Plasma Physics, (Cambridge University Press, 2008). 

31
 E. E. Scime, I. A. Biloiu, J. Carr, Jr., S. Chakraborty Thakur, M. Galante, A. Hansen, S. 

Houshmandyar, A. M. Keesee, D. McCarren, S. Sears, C. Biloiu, and X. Sun, Phys. Plasmas 

17, 055701 (2010). 

32
 X. Sun, C, Biloiu, R. Hardin and E. E. Scime, Plasma Sources Sci. Technol. 13, 459 (2004).   

33
 I. A. Biloiu and E. E. Scime, Appl. Phys. Lett. 95, 051504 (2009). 

 
 

 

 



23 
 

Chapter 2: Helicon Plasma Sources 

2.1 Introduction to Helicon Plasma Sources 

Helicon plasma sources have been studied for over forty years with a large spike of 

research activity occurring within the last 20 years.
1
 The large spike in research activity results 

from applications that take advantage of the helicon sourcesô ability to provide low temperature, 

high density plasmas. Helicons have proven useful in the fields of propulsion,
2,3,4,5

 plasma 

processing,
6,7

 studying space relevant phenomena,
8,9

 and basic plasma physics.
10,11

 

Helicon wave investigations are usually the starting point for any discussions of the 

generation of helicon plasmas, even though it is unclear what exact mechanism is responsible for 

coupling rf power into a plasma. Helicon waves were first explored in the early 1960ôs in 

gaseous plasmas
12

 and solid systems.
13

 Woods,
14

 Klozenbreg et al.,
15

 and Davies et al.
16

 

published studies on the basic theory of helicon waves. In the early 1970ôs, Rod Boswell 

developed the first helicon plasma source while at Flinders University of Australia.
17

 Boswell 

observed densities of the order of 10
13

 cm
-3

 and the signature argon ñblue core.ò
18

 Boswell and 

co-workers
19,20,21

 performed several experiments that explored the structure and propagation of 

helicon waves during the 1980ôs. The spike of publications began in the early nineties from 

different groups investigating plasma thrusters, plasma processing, space relevant phenomena, 

and basic plasma physics.  Helicon Double Layer Thrusters (HDLTs) are one example of 

increased research activity in the field of helicon applications. Takahashi et al.
22

 recently 

measured the axial thrust of one these devices. Boswell et al.
23

 have concluded more research is 

needed in environments representative of space, but still the HDLT may prove to be a low-cost, 
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long-lifetime, electric propulsion device. Review articles covering the earlier decades of helicon 

plasma physics research can be found in Boswell and Chen,
24

 Chen and Boswell,
25

 and Scime et 

al.
26

  

2.2 Physics of Helicon Plasma Sources 

 Helicon waves are bounded right handed circularly polarized electromagnetic waves. The 

frequency range of propagation is  ḺḺ  where   is the ion cyclotron frequency,   

is the electron cyclotron frequency and is the wave frequency. Unbounded or free right-hand  

circularly polarized electromagnetic waves are commonly referred to as whistler waves because 

of their characteristic descending tones.
27

 An engineer in the German army named H. 

Barkhausen reported these tones during World War I.
28

 While eavesdropping on allied 

communications, he determined that the whistlers were coming from the atmosphere. However, 

it took the work of Storey
29

 to suggest that these waves are generated by lightning. Aigrain 

originally coined the term ñheliconò in 1960 as a description of bounded right hand circularly 

polarized waves in a solid rod of sodium.
30

 The dispersion relation for a helicon wave is 

 ὔ


 ὧέί—
 ȟ (2.1) 

Here, ὔḳ Ὧᴁὧȟϳ   is the parallel index of refraction, Ὧᴁ is the wave number parallel to the 

magnetic field, ὧ is the speed of light,   is the electron plasma frequency, is the wave  

frequency,   is electron cyclotron frequency and — is the angle at which the wave propagates 

with respect to the magnetic field. Storey also determined that high frequency helicon waves 
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travel faster than lower frequency waves emanating from the same source; the group velocity is 

ὨὨὯϳ τϳ . Thus, helicon waves share the same ñwhistlingò characteristic as 

whistler waves. 

 Classic helicon waves have an operating frequency constrained to obey   ḺḺ

  and  Ḻ , where   is the lower hybrid frequency,  ὲὩ ‐άϳ Ⱦ  is the 

electron plasma frequency,  Ὡὄάϳ  is the electron cyclotron frequency and ὲ, Ὡ, ‐, ά  

and  ὄ are the plasma density; elementary electron charge; dielectric permittivity of vacuum; 

electron mass; and the uniform background magnetic field strength, respectively. The lower 

hybrid frequency is  

 
ρ

 

ρ

 

ρ

 
 ȟ (2.2) 

where  ὲὤὩ ‐ὓϳ Ⱦ  is the ion plasma frequency,  ὤὩὓϳ  is the ion cyclotron 

frequency, and ὤὩȟὓare the ion charge and mass, respectively. The second term contains the 

effects due to electron inertia. The first term is negligible in higher density plasmas, allowing the 

lower hybrid frequency to be approximated by     in a high density plasma. The 

plasma density and parallel wave number obey a fixed relationship for a pure helicon wave 

propagating in a region of a given magnetic field strength
31
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where, Ὧ is the wave number of the helicon wave, ‘ is the magnetic permeability in vacuum and 

ὺ  Ὧᴁϳ  is the helicon wave phase velocity along the tube. Typically, Ὧ  is fixed by the tube 

radius ὥ, such that ὐὯὥ π, where ὐ is the Bessel function of the first kind.  

 Efficient helicon source operation has several desirable characteristics for industry 

applications and scientific inquiry. These characteristics include very high plasma densities at 

relatively low temperature for a given rf input power. Consequently, the physical process 

responsible for efficient helicon source operation has been extensively studied over a wide 

variety of operating regimes. Possible explanations for this high efficiency includes collisional 

processes,
32 , 33

 Landau damping,
34 , 35

 helicon wave penetration,
36

 antenna localized 

acceleration,
37,38

 mode conversion near the lower hybrid frequency,
39

 and nonlinear trapping of 

fast electrons.
40,41 

An active area of research for helicon plasma sources focuses on both strong 

wave damping and high efficiency operation, neither of which is explainable by either Landau 

damping or collisional processes. Fast electrons are also being studied because they may play a 

critical role in ionizing the background gas in a helicon source. Fast electrons would appear as a 

non-Maxwellian component of the electron distribution function. 

 The mechanism responsible for efficient plasma creation and loss in helicon sources is 

not completely understood, even in the case of a uniform magnetic field. Other parameters, such 

as neutral pressure, antenna design, and magnetic field strength, can influence the axial plasma 

density profile downstream of the antenna. This work focuses on the case of non-uniform 

magnetic fields, specifically expanding magnetic field geometry, where helicon sources have 

played a key role in recent studies of spontaneously forming double layers.  
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2.3 HELIX -LEIA  

The helicon plasma source used for these experiments consists of two regions: the small 

diameter Hot hELIcon eXperiment, (HELIX) where the plasma is produced and the large 

expansion region known as the Large Experiment on Instabilities and Anisotropies (LEIA). The 

plasma created in HELIX flows into LEIA (Fig. 2.1). The magnetic field in LEIA is weaker than 

in HELIX, so the plasma expands into LEIA along divergent magnetic field lines. LEIA has a 

high beta plasma where ñbetaò is the ratio of particle pressure to magnetic field pressure, i.e., 

 ὲὯὝ‘ ὄϳ  with Ὧ  the Boltzmann constant. The   for LEIA and HELIX are ~.2 and ~4 

x10
-4

, respectively. The high beta nature of the LEIA plasma makes it ideally suited for 

laboratory investigations of both heliospheric and magnetospheric physics. The magnetic field 

expansion geometry in the region between HELIX and LEIA also enables studies of 

spontaneous, current-free, electrostatic double layer formation at low neutral pressures. Detailed 

descriptions of the early development of HELIX can be found in the dissertations of Keiter,
42

 

Balkey
43

 and Kline.
44

 More recent detailed reports of modifications to the HELIX-LEIA 

experiment and measurements of the source parameters are found in the dissertations of Sun,
45

 

Keesee,
46

 Hardin,
47

 Biloiu
48

 and Chakraborty Thakur.
49
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Figure 2.1. HELIX (foreground) and LEIA (large aluminum chamber). HELIX resides inside a Faraday cage, not 

show here for photography purposes, to provide rf shielding. The large electromagnets surrounding LEIA are 

approximately 3 m in diameter. 

2.3.1 Plasma Chamber 

A schematic of the HELIX-LEIA system is shown in Fig. 2.2. The HELIX vacuum 

chamber is comprised of a 61 cm long, 10 cm diameter PyrexÊ tube connected to a 91 cm long, 

15 cm diameter stainless steel chamber. The stainless steel chamber opens into a 1.8 m inner 

diameter, 2 m outer diameter, 4.5 m long expansion chamber. The stainless steel chamber has 

one set of four 6 inch Conflat
TM

 crossing ports in the center of the chamber and four sets of four 
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2.75 inch Conflat
TM

 crossing ports. The 2.75 inch Conflat
TM

 crossing ports are spaced evenly on 

either side of the set of the 6 inch Conflat
TM

 crossing ports. There are two turbo molecular pumps 

located at the end of LEIA not attached to HELIX. The other end of the HELIX chamber not 

attached to LEIA is connected to a glass cross. The three legs of the glass cross are terminated 

with another turbo-molecular drag pump, an ion gauge, and a 12 inch stainless steel flange fitted 

with a 4 inch viewport to allow optical access of the plasma along the HELIX-LEIA axis of 

symmetry. LEIA has several ports for access with scanning internal probes, the reentrant probe, 

and other diagnostics. 
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Figure 2.2. Schematic (side view) of the HELIX-LEIA plasma chamber along with labels corresponding to the 

locations of various diagnostics such as the Langmuir and electrostatic probe(C), RFEA (G) and collection for LIF 

(G through E).More details in Chapter 3. 

2.3.2 Vacuum System 

Three turbo-molecular drag pumps maintain the vacuum pressure in the chambers. Each 

of the pumps is backed by its own diaphragm roughing pump. All three turbo pumps are 

separated from the vacuum chamber by gate valves. The gate valves are on an interlock system 

designed to close if the pressure rises beyond a threshold value. While the HELIX turbo pump is 
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maintained at a constant rotational frequency of 549 Hz, the other two turbo pumps are run at 

rotational frequencies of 400 Hz or 600 Hz. There is a slight pressure gradient along the HELIX 

chamber because of the pressure differential, while the pressure in LEIA is nearly constant. For 

the current free double layer studies, the gate valve for the HELIX turbo remained shut allowing 

the neutral pressure to increase in the source region enough to maintain a stable plasma.  The two 

LEIA turbos were operated on the 600 Hz setting in order to reduce ion-electron and ion-neutral 

collisions that quench the metastable states needed for laser induced fluorescence.
50,51

 Without 

gas flowing into the system, the three turbo pumps maintain a base pressure of 10
-7

 Torr. 

The neutral gas pressure is measured with a series of pressure gauges. A Balzers PKR250 

full range pressure gauge is located at one branch of the glass cross and is used by the HELIX 

pumping station. Another Balzers PKR250 full range pressure gauge is located on the LEIA 

pumping station. These Balzers gauges have the ability to measure a full range of pressures by 

combining a cold cathode gauge for pressures below 10
-2

 Torr and a Pirani gauge for pressures 

above 10
-2

 Torr. The Balzers pressure gauges require a correction depending on which gas 

species is used. A Baratron® capacitance manometer pressure gauge is located at approximately 

the middle of HELIX, 35 cm downstream of the antenna. The Baratron® gauge pressure 

measurement is independent of the gas species. 

Two MKS1179 mass flow valves regulate the gas flow rate into the system. Typical flow 

rates while using only one valve are 2.5-6.5 SCCM (standard cubic centimeters per minute) for 

the CFDL studies in this work. The two flow valves allow for the possibility of regulating a 

mixture of gases and both flow valves are controlled by a single PR-4000 power supply. There 

are two gas inlet locations in HELIX. One location is adjacent to the Balzers pressure gauge on 
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the glass cross. This inlet location is referred to as the ñend feed.ò The second inlet location is at 

a 2.75ò cross port on the stainless steel portion of the HELIX chamber closest to the antenna. 

This inlet location is referred to as the ñmiddle feedò and it allows for a more direct gas flow into 

the plasma chamber near the antenna instead of relying on diffusion overcoming the pumping at 

the end gas feed location. All experiments presented here used argon gas introduced with the 

middle feed. Plasmas are created at neutral pressures (with rf on) ranging from 0.1 to 100 mTorr.  

2.3.3 Magnetic Field 

Ten HELIX water-cooled electromagnets produce an almost uniform, steady state, axial 

magnetic field of 0-1300 Gauss in the source. These HELIX magnets were donated to WVU by 

the Max Planck Institüt in Garching, Germany. Each of the 10 magnets has 46 internal copper 

windings with a resistance of 17 mɋ and an inductance of 1.2 mH. Two Xantrex XFR power 

supplies, connected in parallel, provide a total current of up to 400 Amperes to the HELIX 

magnets. The magnets rest on an adjustable rail system that allows adjustments in axial position 

and are arranged in an orientation that keeps the field uniform throughout the HELIX magnet 

array. For the results in sections 5.1 and 5.2, the magnets were water-cooled by building water. 

For the results in section 5.3, the HELIX magnets were chilled by a Neslab System III Heat 

Exchanger.  

Seven LEIA water-cooled electromagnets produce a steady state axial magnetic field of 

0-150 Gauss in the expansion chamber. These LEIA 9ô diameter magnets were custom built with 

each magnet containing five sets of aluminum tubing wound into five two-coil ñpancakesò of 

four layers each, for a total of 40 turns per magnet. The aluminum tubing has 0.5ò x 0.5ò square 
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cross section, hollowed out to allow for water cooling, and wrapped in insulating paper. For the 

results in sections 5.1 and 5.2, the magnets were water-cooled by a closed loop system 

maintained with a Neslab NX-300 chiller. For the results in section 5.3, the LEIA magnets were 

chilled by building water. The LEIA magnets are powered with a DC EMHP power supply 

capable of delivering up to 200 Amperes, resulting in a magnetic field of 0-130 Gauss.  

Figure 2.3 shows the HELIX-LEIA system drawn to scale (Fig. 2.3 a) with experimental 

measurements and numerical calculations of the magnetic field profile. Fig. 2.3b shows an axial 

field gradient of 10 Gauss/cm over a distance of 70 cm in between HELIX and LEIA. Fig. 2.3c 

shows the on-axis magnetic field strength and its gradient in the HELIX-LEIA combined system 

as calculated with a two dimensional numerical model. This simulation was validated with point 

measurements along the system axis. The simulation was performed assuming a 600 Gauss field 

in HELIX and two different LEIA fields, 14 Gauss (solid line) and 70 Gauss (dash-dot line). The 

simulation plot also shows the spatial variation of the contour lines of constant magnetic flux 

(flux tubes). 
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Figure 2.3. (a) HELIX-LEIA device drawn to scale with the magnetic field profiles shown. (b) Magnetic field 

strength and magnetic field gradient versus axial position over the entire length of the HELIX-LEIA device. (c) 

Contours of constant magnetic field flux showing the increased divergence that results when the magnetic field in 

the LEIA decreases from 70 G (dash-dot line) to 14 G (solid line), for a constant 600 G magnetic field in HELIX. 

Figure is adapted from Ref. [47]. 


























































































































































































































































