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In situ and ex situ techniques have been used to measure directional ion beams created by a sharp

axial potential drop in low pressure expanding plasmas. Although Retarding Field Energy

Analysers (RFEAs) are the most convenient technique to measure the ion velocities and plasma

potentials along with the plasma density, they are bulky and are contained in a grounded shield that

may perturb the electric potential profile of the expanding plasma. In principle, ex situ techniques

produce a more reliable measurement and Laser Induced Fluorescence spectroscopy (LIF) has

previously been used to characterise the spatial velocity profile of ion beams in the same region of

acceleration for a range of pressures. Here, satisfactory agreement between the ion velocity profiles

measured by LIF and RFEA techniques has allowed the RFEA method to be confidently used to

probe the ion beam characteristics in the regions of high gradients in plasma density and DC

electric fields which have previously proven difficult. Published by AIP Publishing.
https://doi.org/10.1063/1.5017049

I. INTRODUCTION

Radio-frequency (RF), electrodeless, neutraliser-free

plasma thrusters are of interest to the electric propulsion

community as they can provide extended lifetimes and

power scaling, and reduce the complexity of subsystems

through the removal of neutralisers compared to mature tech-

nologies like Hall effect and gridded ion thrusters.1,2 Helicon

thrusters like the Helicon Double Layer Thruster (HDLT)

fall within this category of RF, electrodeless, neutraliser-free

devices and are the subject of a wide body of ongoing

research, e.g., Refs. 3–5. The HDLT generates thrust by cre-

ating a high density plasma and accelerates this through a

magnetic nozzle coincident with the geometric expansion at

the outlet of the thruster.6 At sufficiently low pressures, the

combination of a diverging magnetic field and geometric

expansion spontaneously forms a strong, thin ambipolar

electric field and corresponding plasma potential structure

known as a double layer, accelerating ions away from the

thruster.7 Many experimental plasma devices have shown

the existence of double layers and double layer-like potential

structures8–11 and have been used to study areas like thruster

performance,12–14 plasma transport,15–17 and thermodynam-

ics of expanding plasmas,18 to name a few. Key to many of

these studies is the ability to measure various plasma charac-

teristics like plasma potential, ion beam energy, and electron

temperature inside the plasma source region where high den-

sity plasma and strong RF electric fields are present. The use

of electrostatic probes to directly measure plasma parameters

is common; however, these are known to be perturbative to

varying degrees, depending on the size and material of the

probe. Non-perturbative techniques like laser induced fluo-

rescence spectroscopy (LIF) have also been used to

characterise expanding plasmas;19–22 however, these make

assumptions about ion metastable states and their ability to

represent the entire ion population. Still, LIF studies have

previously shown the technique’s ability to detect and mea-

sure the energy and velocity of the ion beam created by dou-

ble layers in multiple devices.20,23 The measurement of

beam energy is particularly important to understanding

thrusters like the HDLT as the ion beam accounts for the

main thrust mechanism. As such, understanding the limita-

tions and applications of these measurement techniques is

crucial. A number of studies have previously compared ion

velocity distribution functions (IVDFs) measured using LIF

and retarding field energy analyser (RFEA) techniques

downstream of plasma sources,24,25 with Ref. 26 presenting

a comprehensive analysis in this region. The focus of the

present study is to determine the ability of intrusive, in situ
retarding field energy analysers (RFEAs) to measure ion

beam velocities and densities in regions of high RF and DC

electric fields, i.e., in the source and double-layer regions of

expanding plasma devices, by first comparing with previous

work done with non-perturbative LIF techniques to assess

the technique’s validity.

II. PREVIOUS LIF MEASUREMENTS IN CHI KUNG

The general theory of LIF measurements has been pub-

lished extensively. As such, the focus here is on previous

experiments in expanding plasma devices and, in particular,

the study conducted by Keesee et al. in Ref. 23. The experi-

ments in the study used a portable, tunable-diode-laser sys-

tem to take LIF measurements in the Chi Kung helicon

plasma reactor at the Australian National University, shown

in Fig. 1. The laser, tuned to 668.6138 nm and aligned on the

central axis of the reactor, was used to pump argon ions in

the metastable 3d 4F7=2 state to the 4p 4D5=2 state whilea)Email: alex.bennet@anu.edu.au
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measuring the fluorescent radiation emitted at 442.7244 nm

as ions decay from this state to the 4s 4P3=2 state. The

Doppler shift of the emitted radiation yields the velocity of

the 3d 4F7=2 metastable ion species and assumes this is repre-

sentative of the total accelerated ion population. The fluores-

cent radiation was measured with optics supported on a

tilting mount outside the vacuum chamber, accessing the

radiation via a rectangular window. Major components of

the LIF setup used in Ref. 23 can be seen in Fig. 1. The tilt-

ing mount used limited the range of axial measurements to

�5 cm to 25 cm and the optics allowed for spatial resolution

of approximately 1 cm. The laser used in these experiments

was of relatively low power, and combining this with low

plasma densities required RF powers greater than 400 W and

long measurement times (5 min per measurement), a factor

which limited the RF power to a maximum of about 750 W

as heating of the system components became a limitation. In

this study, Keesee et al. measured the ion velocities in the

region of the double layer-like potential structure and

showed how the velocities evolved through the ambipolar

electric field for two different pressures of neutral argon gas,

0.37 and 0.55 mTorr. The axial velocity profile showed a

region of rapidly increasing ion velocity, relating to the loca-

tion and width of the double layer and presheath, followed

by a plateau region in the diffusion chamber downstream of

the double layer as the region of significant ion acceleration

had passed. In the same year, many of the same authors also

showed that this technique could be optimised, overcoming

the limitations of the Chi Kung test campaign; the axial

beam energy throughout the entire HELIX expanding plasma

device was mapped to show how the beam energy evolves

through the potential drop in Ref. 21.

Using the results of Ref. 23, the present study aims to

compare the use of RFEAs through the potential drop in the

Chi Kung reactor with the LIF results in the region of ion

acceleration a decade after the original LIF campaign, deter-

mining an RFEA’s suitability for ion velocity and density

measurement in this region and potentially validating the

results of the LIF study in much greater detail.

III. CHI KUNG EXPERIMENTAL SETUP

To compare with Ref. 23, the experiments in this study

have been conducted in the Chi Kung plasma reactor.

Described in detail previously27 and shown in Fig. 1, Chi

Kung consists of a 31 cm long, 0.65 cm thick, 13.7 cm inner

diameter Pyrex plasma source tube contiguously connected to

a 30 cm long, 32 cm inner diameter grounded aluminium

expansion chamber. The coordinate system used in the present

study defines the interface between the plasma source and dif-

fusion chamber as z¼ 0 cm. The end of the source tube fur-

thest from the expansion chamber is terminated by a circular

glass plate which ensures that all walls of the source region

are floating. The aluminium expansion chamber is terminated

by an aluminium plate fitted with feedthroughs available for

diagnostic probes. Two solenoids in a Helmholtz pair configu-

ration are centred on z ¼ �9 cm and z ¼ �28.6 cm and, when

fed with equal current, can provide a near-parallel magnetic

field in the source region and a diverging field in the expan-

sion chamber. In this study, 6 A of DC current is supplied to

the solenoids, creating a maximum axial magnetic field of

about 145 G which then drops to a few tens of gauss in the

expansion chamber. Surrounding the source tube and centred

on z ¼ �18 cm is an 18 cm long double saddle antenna fed

with radio-frequency (RF) power at 13.56 MHz from an ENI

generator and L-matching circuit. A pumping system consist-

ing of turbomolecular and rotary pumps maintains a base

chamber pressure of 2 to 4� 10�6 Torr. Gas is introduced

into the system through a side port in the expansion chamber

at z¼ 7 cm.

IV. DIAGNOSTICS

The data have been taken with a retarding field energy

analyser (RFEA) in ion collection mode, the design of which

has been described in detail previously28 and used in several

studies in the Chi Kung reactor.7,27,29 The RFEA allows ions

over a certain energy to reach a collecting electrode by

sweeping a discriminator voltage, VD, from 0 to 80 V.

Electrons entering the analyser are firstly repelled by the sur-

rounding sheath and again by a repellor grid biased to �80 V

while secondary electrons possibly generated at the collector

due to bombarding ions are not permitted to leave the collec-

tor due to a negatively biased grid. Because ions can only

enter the analyser through an orifice on one side of its hous-

ing, the measured ion current is directional (within an accep-

tance solid angle of �40�).
Previous studies have used source-facing RFEAs in the

expansion chamber to measure both accelerated and local

ion populations and characterise a beam formed from double

layers and double layer-like DC axial electric potential struc-

tures. Radial-facing RFEAs can be used to only measure the

characteristics of the local ion population which is created

by a combination of ionisation and ion-neutral charge

exchange collisions between beam ions exiting the source

FIG. 1. Schematic of the Chi Kung plasma reactor showing the helicon

source and expansion chamber, RF antenna, solenoids and magnetic field

lines (blue solid lines), gas input location, and pumping location. Also

plotted for comparison are the main components of the LIF study previ-

ously conducted by Keesee et al. in Ref. 23, comprising of a laser beam

entering through the faceplate of the diffusion chamber, a beam dump at

the closed end of the source to minimise beam reflection, and optics set up

on an external tilting mount; the maximum axial range of LIF investiga-

tion is �5 cm � z � 15 cm. RFEAs in either source-facing (A) or radial-

facing (B) configurations can be moved axially through the entire

chamber.
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and neutral gas present downstream.30 The ion energy distri-

bution function (IEDF) of ions that have fallen through the

sheath of the grounded probe is proportional to the first

derivative of the probe’s I-V trace29 and generally appears as

a Gaussian distribution centred around the plasma potential.

Radial-facing RFEAs have been used previously to measure

the plasma potential and density in both the source and

expansion chambers of Chi Kung.29 For source-facing RFEA

measurements in the presence of an ion beam, two Gaussian

distributions are detected: the local population centred

around the plasma potential, Vp, and a beam population cen-

tred around a “beam potential,” Vb, with the latter typically

corresponding to the maximum upstream plasma potential.

To illustrate this, the normalised first derivatives of current

detected by the RFEA, dI=dVD, measured at the same axial

location (z¼ 0 cm), a pressure of 0.3 mTorr, and 315 W RF

power are shown in Fig. 2 for both source-facing and radial-

facing RFEAs. In the radial-facing case, the first derivative

exhibits a single peak, representing the local population of

ions with a potential of about 38 6 0.4 V. The ion popula-

tions measured by the source-facing RFEA shows two peaks:

the first corresponding to the local population as found by

the radial-facing RFEA and a higher energy population at

about 53.8 6 0.4 V. The latter is identified as a �15.8 eV

directional ion beam flowing in the þz direction as it only

exists in the source-facing measurements. This method of

identifying and characterising ion beams has been used

extensively in studies that use ion energy analysers and has

allowed for the downstream characterisation of plasma and

beam behaviour.

A. Density measurement techniques

RFEA studies infrequently present absolute values of

plasma density, with authors opting to show the measured

ion currents of local and beam populations due to difficulties

associated with RF broadening of the measured distribution

and the plasma potential drop around the large, grounded

probe.26 Furthermore, because the I-V curve measured by

the RFEA is a current measurement in energy space, the

measurement is particularly susceptible to the ion flow speed

entering the grounded probe. This means that it is not trivial

to calibrate the current measurement to an absolute density

in an experiment like Chi Kung in which the plasma poten-

tial and electron temperature vary spatially. Additional anal-

ysis is also required to characterise the beam density as the

high ion velocity will artificially increase the measured beam

current. Previous studies have accounted for the effect of ion

velocity on the measured current by either fitting the raw

RFEA I-V trace to integrated drifting Maxwellian distribu-

tions24,25 or fitting Gaussian distribution functions to the

derivative of the I-V trace and considering the ion flux enter-

ing the sheath around the RFEA.27

1. Drifting Maxwellians method

The current measured by an RFEA due to a single sta-

tionary Maxwellian population that has been accelerated

through the surrounding sheath is given by the following

equation:24

IðVDÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn=2Þ2q2

2MArp

s h ffiffiffi
T
p

e� ð
ffiffiffiffiffiffi
qVD
p

�
ffiffiffi
E
p
Þ2=Tð Þ

þ
ffiffiffiffiffiffi
Ep
p

erfc
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eVD

p
�

ffiffiffi
E
p� �

=
ffiffiffi
T
ph ii

: (1)

IðVDÞ is the current measured by the collecting electrode as a

function of the discriminator voltage VD, n is the ion density

of the population, T is the temperature of the ion population,

and E is the energy of the drifting population as it enters the

RFEA, i.e., for a stationary population, the energy of the

drifting population is equal to qVp because the population is

accelerated by the sheath surrounding the grounded probe.

The n=2 term is included for isotropic, stationary plasmas as

only half of the local distribution travelling towards the

probe is measured.24

For a bimodal ion population in which a beam and a

local population exist, the ion current can be described by

the sum of two drifting Maxwellian populations,

IðVDÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

2MArp
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ffiffiffiffiffi
Tb

ph i	

; (2)

where the subscripts “loc” and “b” refer to the local and

beam populations, respectively, and Eloc ¼ qVp; Eb ¼ qVb.

These integrated distributions can be fit to the raw RFEA I-V

data, yielding the values of the distribution parameters. This

method treats the energy of an incident ion population sepa-

rately to its density, and the calibration of the density mea-

surement can therefore be treated independently of the

FIG. 2. Normalised derivatives of the RFEA I-V curve, dI=dVD for source-

facing (solid line) and radial-facing (dashed line) RFEAs located at z¼ 0 cm

for a pressure of 0.3 mTorr and 315 W of RF power and a maximum axial

magnetic field of �145 G.
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velocity. Calibration with a Langmuir probe using

Sheridan’s analysis31,32 at a stationary location in the plasma

(z ¼ �25 cm) must still be undertaken because the current

measurement has not been adjusted for effects like the trans-

mission factor of the biased grids or the acceptance angle of

the RFEA, for example; however, these effects are assumed

to be consistent across measurements with the same RFEA

and can be accounted for through calibration. For a radial-

facing RFEA, only one population of ions is expected and

(1) can be used, whereas the source facing RFEA exhibits a

bimodal population and therefore (2) must be used.

2. Gaussian-flux method

The derivative of the RFEA I-V curve for a single ion

population can be fitted with a simple Gaussian of the form

f ðVDÞ ¼ ae�
�

VD�Vp
c

�2

; (3)

where a and c are fitting parameters. The total ion current,

I(0), measured by the RFEA is equivalent to the integral of

f ðVDÞ,

Ið0Þ ¼
ð1
�1

f ðVDÞ ¼ ac
ffiffiffi
p
p

: (4)

The measured ion current is a function of both ion density

and velocity and can therefore be related to the flux of par-

ticles entering the sheath of the RFEA by noting that a sta-

tionary plasma at position z will enter the sheath at the ion

sound speed, cs;z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe;z=MAr

p
,

Izð0Þ ¼ qAT4nzcs;z: (5)

Using the density measurement found with the Langmuir

probe through Sheridan’s analysis at z ¼ �25 cm, the

current due to a flux of ions incident on the probe can be

calibrated.27 Using this calibration and a radial facing

RFEA, the local density can be found anywhere on axis

using

Iz

I�25

¼ nzcs;z

n�25cs;�25

;

nz ¼
Izn�25cs;�25

I�25cs;z
:

(6)

Equation (6) shows that knowledge of the local electron tem-

perature is required through the ion sound speed terms.

For a plasma containing an ion beam measured with a

source-facing RFEA, one Gaussian centred on Vp can be fit

to the local population and another centred on Vb can be fit

to the beam population

f ðVDÞ ¼
a1

2
e
�
�

VD�Vp
c1

�2

þ a2e
�
�

VD�Vb
c2

�2

; (7)

where the a1=2 is included because the local population is

treated in the same manner as in the drifting Maxwellians

method. Following from Eq. (7), the current detected by the

RFEA for each population can be found from these fits

Iloc ¼ a1c1

ffiffiffi
p
p

; Ib ¼ a2c2

ffiffiffi
p
p

: (8)

If the local density is known, the ratio Ib=Iloc can be related

to the population fluxes in a similar manner to the local den-

sity calibration method described earlier,

nb ¼
Ibnloccs;loc

Ilocvb
: (9)

The authors of Ref. 24 noted that the ion temperature pre-

dicted by the drifting Maxwellians method is overestimated

due to RF broadening of the RFEA I-V curve, an effect dis-

cussed in Ref. 33. As such, any RF broadening is largely

coupled with the temperature parameter, not the density. For

the Gaussian-flux method, the integral used to determine the

ion current associated with each population incorporates any

RF broadening and may result in overestimation of the den-

sity. At the power and RF frequency used in this paper, the

ion density is low (109 to low 1011 cm–3, see later) and the

RF signal is not expected to cause large ion transit time

broadening of the I-V characteristics measured by the

RFEA; however, this could be characterised somewhat by

comparing the two methods of density calculation.

This study uses both source-facing and radial-facing

RFEAs to investigate the plasma potential and density along

Chi Kung’s main axis with increasing gas pressures for com-

parison with the results from LIF at the source-chamber

interface region and investigation of the beam velocity and

density. Both methods for density characterisation described

here are used to determine the axial plasma and beam density

and the results compared.

V. PLASMA POTENTIAL, DENSITY, AND BEAM
DETECTION MEASUREMENTS

Argon gas is introduced to the system at pressures rang-

ing from 0.3 mTorr to 0.7 mTorr in increments of 0.1 mTorr

while a pressure of 2 mTorr was also investigated as a high

pressure limit. It has been noted previously that a potential

decrease near z ¼ �5 cm results in axial ion acceleration,

leading to supersonic ion velocities in the þz direction in the

expansion chamber.7,23 Previous studies have also shown

that this accelerated population of beam ions disappears at

pressures >1–2 mTorr as the source potential decreases due

to increase in collision rates.

For this study, 315 W of RF power is supplied to the RF

antenna and generates an inductively coupled plasma in the

source region. For the pressures under investigation, the ion-

neutral mean free path is in the range ki � 1–8 cm, which is

comparable to the source tube diameter for the lower pres-

sures tested. Figure 3(a) shows the axial plasma potential

profiles measured by the radial-facing RFEA for increasing

pressures. The results show that over the axial region from z

� �10 – 0 cm, the plasma potential decreases rapidly, creat-

ing a DC axial electric field accelerating ions into the expan-

sion chamber as the plasma expands through the throat of the

magnetic nozzle. The location of the potential drop can also

be seen to move further downstream as the pressure

increases, consistent with the LIF measurements in Ref. 23.

To illustrate why this is, Fig. 3(b) shows the ion densities

023516-4 Bennet, Charles, and Boswell Phys. Plasmas 25, 023516 (2018)



measured by the RFEA and calculated using both methods

displayed earlier for pressures of 0.3 (circles), 0.5 (upward-

pointing triangles), and 0.7 mTorr (downward-pointing trian-

gles) as well as the magnitude of the axial magnetic field, Bz

(dashed curve), generated by a current of 6 A to each sole-

noid. The drifting Maxwellians method (unfilled markers)

and Gaussian-flux method (filled markers) show strong

agreement. When calculating the local ion sound speed for

the Gaussian-flux method, electron temperatures of 8, 6.5,

and 6 eV were used for the 0.3, 0.5, and 0.7 mTorr cases,

respectively.34 The electron temperature is known to vary

axially in Chi Kung; however, a recent study showed that for

the 0.3 mTorr case considered here, Te dropped from �9 to

�7 eV going from the source to the diffusion chamber.18 As

such, by using a Te of 8 eV, the error in the calculated sound

speed would be <10%. At a pressure of 0.3 mTorr, the pro-

file shows a peak density of �1:5� 1011 cm�3 at z¼�24 cm

which then significantly decreases through the source cham-

ber until z � �2 cm. Increasing the pressure to 0.7 mTorr,

the peak density increases to �2:5� 1011 cm�3 and moves

8 cm downstream to z ¼ �16 cm. It can be seen that this

transition occurs as the density significantly increases in the

region between z¼�20 cm and z¼�10 cm, immediately

upstream of the throat of the magnetic nozzle. For axial

positions downstream of the maximum density, the density

profile can be seen to decrease with sharper gradients

for increasing pressures. This change in density profile

brings the maximum density closer to the outlet and moves

the location of sharp density decrease downstream. This

is reflected in the position of the potential drop shown in

Fig. 3(a).

At the beginning of the potential drop for the 0.3 mTorr

case, the Debye length is �0:1 mm and the width of the

potential drop is �10 cm, or approximately 1000 Debye

lengths. As such, the potential drops considered in this study

are probably too wide to be considered strictly as double

layers and can be thought of as double layer-like structures.

With decreasing pressure, these would be expected to

approach the classic definition of a double layer as exhibited

in Ref. 7.

The source-facing RFEA is used to identify the exis-

tence of an accelerated population of ions in the measured

IEDF for each test pressure and these were found for pres-

sures of 0.7 mTorr and below. In measurements at the “start”

of the expansion where the local and beam ion populations

overlap, fitting to a double Gaussian can be done to extract

the characteristics of each population. The beam potentials

in each case are consistent with the maximum plasma poten-

tial measured upstream of the potential drop. The beam

potentials for the 0.3 mTorr case are displayed in Fig. 3(a)

(filled circles). Corresponding beam data for the other pres-

sures (excluding 2 mTorr) were obtained but not shown here

for clarity.

The maximum plasma potentials in each case are plotted

in the inset of Fig. 3(a) and can be seen to decrease with

increasing pressure. This relationship has been shown analyt-

ically and experimentally previously in Ref. 35. The inset

also illustrates how the downstream plasma potentials at

z¼ 15 cm (crosses) show little variation with pressure over

this range. These trends imply that the axial potential drop is

mainly dependent on the maximum potential in the source

and thereby, the pressure in the system.

VI. DOWNSTREAM BEAM SPEEDS

The velocity of the ion beam measured by the source-

facing RFEA can be calculated by comparing the beam and

local plasma potentials at each axial location. The beam

energy is simply the difference in these potentials, i.e.,

Ebeam¼Vb – Vp, where Ebeam is the beam energy in eV. The

standard equation for kinetic energy can be used to infer the

velocity of ions in the beam, yielding

vbeam ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qEbeam

MAr

r
; (10)

where vbeam is the beam velocity, q is the charge of an elec-

tron, and MAr is the mass of an argon ion.

FIG. 3. Radial-facing RFEA measurements of the axial ion populations. (a)

The local potential for chamber pressures of 0.3 mTorr (open circles), 0.4

mTorr (open squares), 0.5 mTorr (open upward pointing triangles), 0.6

mTorr (crosses), 0.7 mTorr (plus signs), and 2 mTorr (open downward

pointing triangles). Measurements of the beam potential for 0.3 mTorr (open

circles, not connected by lines) are also shown. The inset in a) shows the

exponential relationship of the maximum plasma potentials with pressure

(open circles and fitted exponential curve) and the invariance of the down-

stream plasma potential at z¼ 15 cm (crosses). (b) The density of the local

population calculated using the drifting Maxwellians (unfilled markers) and

Gaussian-flux method (filled markers) for 0.3 mTorr (circles), 0.5 mTorr

(upward-pointing triangles), and 0.7 mTorr (downward-pointing triangles).

The axial magnetic field profile, Bz, is also shown in b) for currents of 6 A in

each solenoid.
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Beam speeds measured with an RFEA are typically

reported as a single velocity measured just downstream of

the potential drop. This can be valuable for determining

whether a beam is supersonic or for measuring the exhaust

velocity of a thruster. Figure 4 shows the maximum down-

stream beam speeds measured in this study: they are shown

to decrease with increasing pressure, showing consistency

with the decreasing source plasma potentials shown earlier.

Downstream beam speeds taken from Ref. 23 measured

using the LIF techniques are also shown in the figure (solid

squares) and can be seen to follow the same exponential fit.

Agreement between LIF and RFEA measurements in the

downstream region has previously been shown, and the pre-

sent results show that this agreement is maintained during

ion acceleration through the measured potential drop.

VII. BEAM ACCELERATION THROUGH POTENTIAL
DROP

Reference 23 used LIF techniques to measure the

increasing velocity of ions along the central axis in Chi

Kung in the region of ion acceleration through the potential

drop. RFEAs have typically not been used for this purpose as

the presence of a large grounded probe may perturb the

plasma, altering measurements of the plasma and beam

potentials near the potential drop. Here a detailed investiga-

tion of the axial ion velocities in the potential drop for vari-

ous pressures is carried out, and the results are compared to

the previous LIF measurements in the Chi Kung reactor.

The beam velocities at each axial position can be found

with Eq. (10), and Fig. 5 shows the calculated vbeam profiles

for the same argon gas pressures as earlier. In each case, the

axial beam velocity profile can be described by its behaviour

in two separate regions: ion acceleration inside the potential

drop and relatively constant velocity downstream.

In the region of the potential drop, the beam velocity is

seen to increase sharply due to the DC axial electric field

created by the potential drop. For 0.3 mTorr, the beam accel-

eration was detected in the region from z ¼ �8 to �2 cm

and an increase in velocity of nearly 4 km/s is observed. In

this region, the gradients of the velocity profiles shown in

Fig. 5 are related to the square root of the potential drop

shown in Fig. 3 for each case. This explains why the gradient

of the velocity profile in the higher pressure cases is reduced,

i.e., �2 km/s over a space of 5 cm for 0.6 mTorr. The results

in Fig. 3 also showed that the potential profile shifts down-

stream with increasing pressures, an effect that is also

reflected in the locations of the acceleration in the beam

velocity profiles as seen in Fig. 5.

Downstream, the velocity profiles plateau as the sharp

potential drop ends. As the pressure increases, the beam

velocity plateaus further downstream due to shifting of the

potential profile as discussed earlier. Further, for increasing

pressures, the transition between the region of ion accelera-

tion and plateau becomes less clear as the end of the poten-

tial drop becomes less sharply defined, i.e., the DC axial

electric field created by the potential drop nears that of ambi-

polar diffusion. The magnitudes of the downstream velocity

profile also converge with increasing pressure as expected

from the exponential relationships between the downstream

maximum beam velocity and pressure shown in Fig. 4.

Also plotted in Fig. 5 are the beam velocities measured

with LIF techniques taken from Ref. 23. The data from Ref.

23, which were measured at pressures of 0.37 mTorr and

0.55 mTorr, are limited; however, based on the limited data,

the velocity profiles show good agreement of both profile

shape and magnitude between RFEA and LIF results. The

0.37 mTorr LIF case, in particular, can be seen to match

quite closely with an additional set of RFEA data taken at

0.35 mTorr as shown in the figure. The error bars of the LIF

measurements are quoted as 6180 m/s and derived from the

accuracy of the spectroscopic techniques in measuring the

absolute wavelengths of an iodine cell. These error bars are

FIG. 4. Plot of the maximum beam speeds measured using the RFEA tech-

nique and Eq. (1) (open circles) with line of best fit. The LIF data from Ref.

23 are also plotted (solid squares) and can be seen to follow a similar trend

with pressure.

FIG. 5. Axial profiles of vbeam derived from the RFEA axial measurements

for increasing pressures. The LIF data taken from Ref. 23 are also plotted

with left-pointing (0.3 mTorr) and right-pointing (0.7 mTorr) filled triangles.
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comparable to those used for the RFEA, calculated by using

an uncertainty of 60.4 V for both local and beam potentials

and carrying it through Eq. (10), yielding errors that vary

between approximately 6150 and 6230 m/s in the plateau

region for different pressures. These results indicate that

even though the RFEA is an in situ technique, operating in

regions of high RF and DC electric fields, the ion beam

velocity profiles garnered from this technique are compara-

ble to the ex situ non-perturbative LIF technique. As the

RFEA measurements have shown satisfactory agreement

with LIF in this region, the RFEA technique can confidently

be used to complete the characterisation of the beam by mea-

suring the beam density.

VIII. BEAM DENSITY

Studying the plasma and beam densities can be interest-

ing for propulsion applications as the momentum of ions

leaving the thruster determines its performance. Previous

LIF studies19,21,23 refer to rapid metastable quenching that

occurs downstream of the double layer, limiting the LIF

technique’s ability to probe the axial beam density. With the

RFEA in ion collection mode, assumptions about metastable

populations and their ability to represent the entire ion popu-

lation are avoided. The I-V curves measured by the RFEA

can therefore be used to calculate the axial beam density pro-

file using the methods described earlier. The total ion den-

sity, ntot, can also be inferred using ntot ¼ nb þ nloc.17,27

Figure 6 shows the calculated parameters for 0.3 mTorr com-

pared to the no-beam reference case of 2 mTorr in the region

where a beam is detected (�8 � z � 8 cm for 0.3 mTorr) for

both methods of density calculation, which show satisfactory

agreement. An electron temperature of 5 eV was used when

calculating the ion sound speed for the 2 mTorr case.34 It is

worth noting that the Gaussian-flux method results in higher

values of density than the drifting Maxwellians method for

axial positions further upstream which may be due to ion

transit time broadening for the higher pressure, higher

plasma density case.

The total ion densities for 0.3 mTorr (lines) and 2 mTorr

(downward-pointing triangles) can both be seen to follow the

same expansion behaviour, i.e., reducing by a factor of �2

over a distance of �5 cm, as the magnetic field and geomet-

ric expansion are unchanged. At the beginning of the poten-

tial drop, all ions in the plasma are accelerated by the DC

axial electric field, meaning that nb and ntot should be equal.

As ions are accelerated, some will undergo ion-neutral

charge exchange collisions, reducing the fraction of the ion

population that exists in the beam. For the 0.3 mTorr case,

the location at which the beam population is distinguishable

from the local population (z ¼ �8 cm) exhibits a beam frac-

tion of �80%. This beam fraction at first detection is seen to

decrease with increasing pressure as the mean free path of

ion-neutral collisions subsequently shortens, i.e., �50% for

0.7 mTorr at z ¼ �4 cm, until no beam is detected at suffi-

ciently high pressures, e.g., the 2 mTorr case. As the beam

ions travel into the expansion region, ion-neutral collisions

deplete the beam population, thereby increasing the popula-

tion of the local ion population. Figure 6 illustrates this for

the 0.3 mTorr case where the data for nloc and nb intersect

at approximately z¼�2 cm. Further downstream, nloc

approaches ntot as the beam becomes undetectable as a sepa-

rate population in the I-V characteristic and all of the plasma

exists as a stationary local population.

The ion velocity and beam results in Figs. 5 and 6 show

that increasing pressure decreases the beam density fraction

and velocity while increasing the total ion density at the out-

let of the thruster. Previous studies have shown that maxi-

mising the total ion density at the outlet is crucial to

maximising thrust14 (and references therein), sacrificing high

beam density fraction and velocity in favour of outlet den-

sity. Further, reducing the pressure to increase the magnitude

of the potential drop results in diminishing returns as the

velocity is dependent on the square root of this value.

IX. CONCLUSION

In this study, the velocity and density of an ion beam

formed in the magnetic nozzle of a helicon double layer

thruster were measured through the potential drop of a dou-

ble layer-like structure for various pressures. The results

showed a region of rapid acceleration coinciding with the

location of the potential drop followed by a downstream

velocity plateau. The highest axial beam velocity corre-

sponds to the lowest pressure case, as expected from previ-

ous measurements. These results were compared to previous

LIF measurements in the Chi Kung reactor and showed

strong agreement in both profile and magnitude of velocity.

As the RFEA collects all ion species, this method does not

require assumptions about metastable populations and avoids

the rapid quenching of these states that have been published

previously and limit the ability of LIF techniques to measure

the beam density through the potential drop and into the

FIG. 6. Calculated values of beam density (upward-pointing triangles), local

ion density (circles), and total ion density measured (lines) with the source-

facing RFEA for 0.3 mTorr using the drifting Maxwellian method (unfilled

markers, dashed line) and the Gaussian-flux method (filled markers, dotted

line). The high pressure, no beam 2 mTorr case is also plotted (downward-

pointing triangles) in the region of interest.
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exhaust plume. The RFEA measurements showed that the

fraction of the total ion population existing as a beam was

reduced with increasing pressure until, at high pressures, no

beam is detected. When combined, the velocity and density

results show that increasing pressure for a constant magnetic

field configuration decreases the axial beam velocity but

increases the ion density at the outlet of the thruster.
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