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AssTtrACT: Inductively-coupled plasma discharges are well-suited as plasma sources for experiments
in fundamental high-energy density science, which require large volume and stable plasmas. For
example, experiments studying particle beam-plasma instabilities and the emergence of coherent
macroscopic structures — which are key for modelling emission from collisionless shocks present in
many astrophysical phenomena. A meter-length, table-top, inductive radio-frequency discharge has
been constructed for use in a high-energy density science experiment at CERN which will study
plasma instabilities of a relativistic electron-positron beam. In this case, a large volume is necessary
for the beam to remain inside the plasma as it diverges to centimeter-scale diameters during the
tens-of-centimeters of propagation needed for instabilities to develop. Langmuir probe measurements
of the plasma parameters show that plasma can be stably sustained in the discharge with electron
densities exceeding 10'' cm™3. The discharge has been assembled using commercially-available
components, making it an accessible option for commissioning at a University laboratory.
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1 Introduction

Inductively-coupled plasma (ICP) discharges were first discovered more than a century ago [1-4],
and the technology has been extensively-developed for a range of applications from light sources [5]
to plasma propulsion [6], but in particular it is utilized within the semiconductor manufacturing
industry for plasma-aided fabrication of integrated circuits [7, 8]. In an ICP, large volume plasmas are
generated as energy is coupled into an ionized gas from a radio-frequency (RF) power source using
an inductive circuit element (such as helical coil) positioned near-to, or immersed in, a discharge
region [9, 10]. The ICP is therefore an electrodeless discharge that exists in various forms, including
cylindrical geometry (solenoid) [11], planar geometry (flat spiral antenna) [7, 12], re-entrant
geometry (the inductor is placed inside an inner glass cylinder) [13], as well as in ferrite immersed
constructions [14, 15]. The cylindrical configuration in its simplest form is a gas filled tube made
of quartz or ceramic placed inside a solenoid (the primary coil) through which RF current is applied.

The inductively coupled discharge in the cylindrical configuration has been explored extensively
through the years [16], early on there was a debate on the workings of the discharge [2, 17], which was
resolved in the late 1920s [18]. A transformer model of its operation was developed in the 1930s [19],
and it has been characterized extensively experimentally over the past few decades [20-22]. The
cylindrical ICP has been introduced to number of applications, including as a plasma torch in the
1960s [23], which has been applied in materials processing for decades; for plasma propulsion [6];
and is often applied as a remote plasma source in atomic layer deposition [24, 25].

The breakdown of a low pressure gas in the discharge region occurs because large RF currents
in the coils lead to RF magnetic flux that penetrates within a skin depth layer of the gas. Electric
fields are induced, which generate and sustain the plasma discharge as free electrons in the
discharge are accelerated, and thermalize with the bulk gas via collisions to form a partially ionized
plasma discharge. Typical ratios of electron number density to neutral atom number density are
X = ne/ny = 0.1-1%.

Using a 1-kW commercially-available power unit, supplying RF power at 13.56 MHz, it is
possible to produce plasmas with electron densities exceeding 10'! cm™ and dimensions exceeding



meter-length and several centimeters in diameter. This makes ICPs well-suited to experiments in
high-energy density science which require large, stable plasma. Here, we present an ICP discharge
based on the cylindrical configuration which will be used in an experiment at CERN’s HiRadMat
facility [26, 27] to study convective beam-plasma instabilities of a relativistic electron-positron beam.
In this case, a sufficiently-large volume is necessary for the beam to remain inside the plasma as
it diverges to centimeter-scale diameters during the tens-of-centimeters of propagation needed for
instabilities to develop. Such beam-plasma instabilities are studied in a range of contexts, for example,
the magnetic field generation observed during current filamentation instabilities [28—30] of relativistic
charged particle beams. The current filamentation can lead to self-generated emission of synchrotron
radiation and has been proposed to play a role in the radiative emissions from collisionless shocks
in energetic astrophysical outflows, such as those resulting in Gamma-Ray Bursts [31, 32].

In this paper, we describe the design of the plasma discharge, an inductively coupled discharge in
the cylindrical configuration and its basic characterization. We present Langmuir probe measurements
which have been used to determine the electron density, the electron temperature, the ion density,
and the electron energy distribution function (EEDF) of the plasma. The electron energy distribution
functions are found to be approximately Maxwellian, with temperatures of approximately T, ~ 4 V.
In the text we sometimes use the roman typeface symbol T for the voltage equivalent of the electron
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temperature. Electron and ion densities are measured to exceed 10! cm™3, corresponding to

ionization fractions of y = 0.5%.

2  Two-coil inductively-coupled discharge

A schematic of the design of the ICP discharge is shown in figure 1, and a photograph taken during
operation is shown in figure 2. The device consists of a vacuum chamber comprised of three six-way
port crosses separated by two sections of glass tube. The inductive elements are two helical coils
made of copper piping, supplied by RF power in parallel via an impedance matching network. The
coils are made of 1-cm diameter copper pipe with 8% turns and coil-winding inner diameter 7.5 cm.
They wrap around 15-cm length sections of glass tubes, and power is inductively-coupled into
the discharge gas across the glass boundary. The port-crosses, which are made from 304L-grade
stainless steel, provide places where vacuum pumps, gas lines, and experimental diagnostics can
be attached. The metallic parts of the chamber are all connected to a zero ground potential. In the
planned experiment at HiRadMat, beams of electrons, positrons and protons enter through a glassy
carbon window on the left port-cross and travel along the discharge tube.

The total length of the discharge region is L = 87 cm, and the internal diameter is d = 3.5 cm.
The modular nature of the design makes it simple to extend the length of the discharge region. Before
operation, the chamber is evacuated and maintained at a base pressure lower than 5 mPa. Argon gas
is chosen as the operating gas as it is inert, inexpensive, and it has been well-studied for ICPs used in
plasma materials processing, but other gases or gas mixtures can be used depending on the specific
applications. A similar setup, an inductively coupled discharge in cylindrical geometry, composed of
a quartz tube and a single helical coil, operated in pure hydrogen or Hy/Ar mixture has been applied
to hydrogenate semiconductors [33, 34].

Power is supplied to the solenoid coils at a frequency of 13.56 MHz using a commercially-
available radio-frequency power generator (Advanced Energy CESAR 1310), which can sustain a
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Figure 1. Schematic of the design of the inductively-coupled plasma discharge, which is composed of
two inductive coils wrapped around sections of glass tube. The glass tubes are separated by port-crosses,
incorporated into the design to allow diagnostics to be inserted. The coils are connected in parallel to a
radio-frequency power source via an impedance matching network. The generated plasma extends between
the coils along the full length of the vessel.
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Figure 2. Photograph demonstrating the operation of the ICP discharge (imaged with the lid of the Faraday
cage removed). The self-emission of the argon plasma can be seen, showing the plasma extending along the
full length. A co-ordinate axis is added to show the axial positions that the Langmuir probe measurements
correspond to in section 3.

power output of up to 1000 W. The power supply is attached to the coils via an impedance-matching
network (Advanced Energy Navio), which minimizes the reflected power due to impedance mismatch.
The net power absorbed by the plasma is given by

Pabs = Pinc - Pref - Ploss (21)

where Pj,. and Pyt are the forward and reflected power of the RF generator, and Pjogs = IrzmsReff are
the losses due to ohmic heating in the coupling circuit. I is the root mean square (RMS) current
flowing through the coupling circuit, measured by a current probe mounted between the coils and
the matching network, and R.g is the effective resistance of the coupling circuit measured in the
absence of a plasma (when the chamber is evacuated to the base pressure). The power coupling
efficiency given by

Pabs 1009 2.2)

n_Pinc_Pref

is measured to be approximately 25%.



During operation, large RF potentials are generated on the structure and the coils, leading to
capacitive coupling of power into the discharge. A weak, capacitively coupled (E mode) discharge
is observed along the entire length of the tube at relatively low absorbed powers of P, = 20 W.
If Paps 2 125 W, and the operating pressure p, 2 0.7 Pa, a sudden increase in the luminosity and
density of the plasma is observed. This signals the beginning of inductive coupling of power into
the plasma (H mode). In an inductive mode of operation, plasma density is highest in the centre
of the coils, exceeding 10'' cm™3. The transition from E mode to H mode in the cylindrical ICP
discharge is a well known phenomenon [8, 18] that has been explored over the years using e.g. a
Langmuir probe [20] and through optical emission spectrometry [21]. The plasma density decreases
in the discharge region outside of the coils, but due to the additional capacitive coupling of RF
power into the gas, plasma is maintained along the entire tube with electron densities greater than
10!9 cm=3. The radial density profile of the plasma does not change significantly over the 3.5-cm
diameter, but density along the central axis depends strongly on the position relative to the coils. In
section 3, measurements are presented of the axial density profile when the discharge is operating in
an inductive mode.

The plasmas generated are stably-sustained indefinitely. But in practice, the running time is
limited to several minutes to prevent excessive heating of the coaxial cabling connecting the coils to
the power unit.

3 Measurements of the plasma parameters

We use a commercially-available Langmuir probe unit (manufactured by Impedans, Ireland), which
consists of a probe tip (a thin cylindrical tungsten wire with length 4 mm and radius 0.195 mm), and
a RF compensation electrode. The probe tip holder is an alumina tube with radius 2 mm at the end
of a probe shaft which contains RF chokes and connects to a data acquisition unit outside of the
vacuum chamber. The probe tip is inserted into a plasma and is biased with a sawtooth voltage
applied over a range between —50 V and +50 V. The measured probe current as a function of bias
voltage (the I — V probe characteristic) is used to determine the electron density (7.), the ion density
(n;), the electron temperature (T.), and the EEDF (g.(&)).

When large negative voltages are applied to the probe tip, electrons are repelled by the negative
sheath surrounding the probe tip and only positive ions are collected. This is named the ion-
saturation region, and to obtain the ion number density and separate the contributions to the probe
characteristic from ions and electrons, we fit empirical models of ion collection based on theories
proposed by Laframboise [35] and Narasimhan [36] (LAF), and Allen, Boyd and Reynolds [37]
and Klagge [38] (ABR).

Subtracting the ion contribution from the probe characteristic leaves us with the electron current
I.. In the region of the probe characteristic between electron and ion saturation, electrons with energy
equivalent to the temperature of the distribution can reach the probe but lower-energy electrons are
still repelled. The electron current can be fit in this region to obtain the electron temperature using

[

V-V
I. =Isexp( T S) , (3.1

where V; is the potential above which the electron current saturates, the plasma potential (identified
by a maximum in d/./dV). I is the current collected when the probe tip is at the plasma potential



Vs. Once the electron temperature has been determined, the electron density is obtained using

I (277me )1/2

=3 3.2
e = 4, \ kg Ty G2

where A}, is the surface area of the probe tip, and m, is the electron mass.

This analysis is valid provided the electron energy distribution function is Maxwellian. In the
case where the EEDF is not Maxwellian, it can still be obtained via the Druyvesteyn formula [10, 39]
which relates the EEDF to the second derivative of the electron current

ge(&) =

2me (2ev)1/2 d21, 33)

e2Ap dv?’

ne

where & is the electron energy in equivalent voltage units. Electron density can be determined from
the EEDF via

et = / 4e(E)dE . (3.4)
0

and the effective electron temperature Teg by

Tur = 2(8) = = / " ge(8)848. (3.5)
3 3 J,

In the case where g.(&) is Maxwellian, the effective electron temperature Teg is equal to
T.. Often the electron energy probability function (EEPF) is plotted g,(&) = & 12¢.(8),and a
Maxwellian electron energy distribution appears as a straight line.

The accuracy of the electron density and electron temperature when obtained using eq. (3.4) and
eq. (3.5) is limited by the error in the shape of the EEDF arising from the digital smoothing of the
data. Smoothing is necessary to obtain reasonable second-derivatives via numerical differentiation.
A Blackman window has been found to achieve the most smoothing with minimal distortion of the
IV-characteristic when applied to datasets subjected to artificial noise [40]. Given that the EEDFs
we measure resemble Maxwellian distributions, the values we present for n. and T, use eq. (3.1)
and eq. (3.2), since these are not subjected to distortions in the EEDF which arise in the process
of smoothing. The agreement between the values obtained via eq. (3.1) and eq. (3.2) with those
obtained via the two methods is quantified by calculating the mean of the relative differences between
the measured values:

N N
1 |Te — Teg 1 |ne — Re eff]
_ ——— 1 =0.11 — — =0.12. 3.6
NZ( T ; ’ NZ Ne . (3:6)

=1 J

The differences do not tend to differ by more than ~ 10% of the measured value. This, combined
with the errors from the fits, gives the presented errors in the measurements of T, and #e.

An example of some raw Langmuir probe data is shown in figure 3, taken when operating
pressure is pg = 1 Pa and absorbed power is P,,s = 200 W. The floating potential (where electron
and ion current are net-zero) is marked, as is the space potential (where d’7/dV?> =0 and V > V;
signals electron saturation). The insets show fits of the ion and electron current used to obtain
ni, ne and Te.
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Figure 3. An example of raw Langmuir probe data (/ -V characteristic) taken with p, = 1 Paand P = 200 W.
The floating potential V; = 29.4 V, and space potential V5 = 45.6 V, are labelled. The left-hand inset shows
the fit of ion current, [;, in the ion-saturation region used to obtain n; (red). The right-hand inset shows the fit
of electron current, I, in the transition region used to obtain n. and T, (blue).

Figure 4 shows the plasma parameters measured using this analysis for different axial positions
probed along the discharge for a range of absorbed power P,,s = 140 — 225 W, when the operating
pressure is p, = 1 Pa. A correction factor has been applied to the electron density of (1 +r,/Ae),
where ry, is the radius of the probe holder, and A, is the electron mean free path [41]. This is to
account for an under-estimation of the electron density arising from the depletion of electron density
due to the probe holder.

In figure 4 (a)—(c), data is plotted from the centre of one of the outer-crosses to the centre of
one of the coils. This represents a scan between the minimum and maximum of plasma density. In
figure 4(d), the EEPFs are plotted for different axial positions in the case that P,,s = 225 W. They
appear as straight lines, which indicates Maxwellian electron energy distributions. At all positions,
the electron and ion densities are well-matched. Outside of the coils, the electron and ion density is
n =10'"cm™3. The maximum densities of 5 x 10!' cm™ are found in the centre of the coil when
Paps = 225 W. The peak plasma density scales approximately linearly with the power absorbed by
the plasma. Electron temperatures consistently lie in the range 3-5eV.

Figure 5 shows how the plasma parameters measured at the central cross compare with those at
the outer cross. We do not measure significant differences between the plasma conditions in the two
positions.

4 A global volume-averaged model

The plasma parameters of the inductively coupled discharge, the electron density and the electron
temperature can be estimated using a volume average global model [9, 10, 42]. The global model
assumes a cylindrical discharge chamber (a dielectric tube) of radius R and length £. At pressures
for which the ion loss velocity is the Bohm velocity ug, the overall discharge power balance for a
cylindrical plasma discharge is written

Paps = enougAe&r 4.1)
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Figure 4. Langmuir probe measurements are used to obtain the (a) electron density, (b) ion density, (c)
electron temperature, and (d) electron energy probability function (EEPF), at different axial positions, z, along
the discharge for a range of absorbed powers (Paps = 140 — 225 W), with an operating pressure p, = 1Pa. The
vertical dashed lines correspond to: the centre of the outer cross (z = 62 mm), the edge of the inductive coil
(z = 175 mm), and the centre of the inductive coil (z = 200 mm). The discharge region inside the coil is shaded
yellow. At all positions, 1, and n; are matched, being approximately 10'° cm™ outside of the coils, and peaking
at 5x 10" cm™3 in the coil centre when P,y = 225 W. Electron temperatures consistently lie in the range 3—5 eV.
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Figure 5. Comparisons between n., n; and T, measured at the outer cross and the inner cross for a range
of absorbed powers at an operating pressure p, = 1Pa. The results show agreement between the plasma
parameters in the two positions.



where P,y is the power absorbed by the plasma discharge, A.g is the effective area for particle loss,
and & is the total energy loss per electron-ion pair created. The loss fluxes are

Iaxial = henoup and [Madiat = hrnoun 4.2)

for the axial and radial surfaces, respectively, and the edge-to-center density ratios in the intermediate
pressure regime where R, £ > A; > T%(R, ) are [43]

-1/2
nge
hy =50 2. = 4,
= 086(3+%) (4.3)
-1/2
R
hg = 2R~ 0.80 (4 + —) (4.4)
no A

where A; = 1/my 0 is the ion-neutral mean free path and o7 is the combined ion momentum transfer
cross section that includes both charge transfer and elastic collisions.

The total energy loss per electron-ion pair created is &t = &; + & + &; where the collisional
energy lost per electron-ion pair created & is given by

< kex,i kel 3me
SC(TC) = aiz + _’aex,i + —

T Te, 4.5)
and the electron kinetic energy lost to walls is & = 2T, when the EEDF is Maxwellian, and the
ion kinetic energy lost to walls is & ~ V;, or simply the dc potential across the sheath. For the
calculation of collisional energy lost per electron-ion pair created &. we use the electron impact
ionization cross section from Straub et al. [44] and electron elastic and excitation cross sections for
25 excited levels from Hayashi [45].

For a uniform cylindrical plasma the particle balance is simply

ngnoki,R* = (2xR*heng + 2 REhgno)ug (4.6)
~————
ionization in the bulk plasma ion loss to walls

which we rearrange to obtain
ki, (Te) _ 1

up(Te) - ngdeff

where deg = %Rt’ /(Rhe +Chg) is an effective plasma size. Given the atom density n, (pressure) and

4.7

d.g (pressure, dimensions), we can estimate T.. For a 35 mm diameter tube with 300 mm length, at
pg = 0.5 Pa the electron temperature is T, = 4.7V, at 1 Pa T, = 3.7V, and at 4 Pa T, = 2.5 V. Once
the electron temperature is known, we can solve eq. (4.1) for the center particle density

Pabs

. 4.8
AcugeSt 5

nog =

For 200 W absorbed power the center electron density ng is 5.7 x 10 cm™ at 1 Pa. At 10Pa ny
increases to 1.1 x 10'2 cm™=.
Figure 6 shows the center particle density as a function of P,y plotted alongside the peak

electron and ion densities measured experimentally at 1 Pa using a Langmuir probe. We assume a
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Figure 6. The center particle density n obtained from the volume-average global model, compared with the
densities obtained in the center of the coil from Langmuir probe measurements.

tube length of 300 mm for the calculation on the basis that the plasma conditions due to inductive
coupling are expected to be decided by the particle and energy balances in the discharge region
inside the coils. The ion loss flux is higher under the coils where power is coupled inductively to
sustain the much-elevated plasma densities in this region. It is expected that the model calculation
will overestimate the measured plasma densities because it does not account for the absorbed power
consumed in sustaining the lower density plasma between the coils primarily via capacitive coupling.
There is stronger agreement between the model and the measured values at larger P,,s where a larger
fraction of the absorbed power is used to sustain the plasma by inductive coupling.

The volume-averaged model reasonably estimates the plasma density and temperature inside
the coil, and provides predictions of how the plasma parameters will change when the operating
pressure and applied power are modified.

S Summary

A two-coil, meter-scale, table-top inductively-coupled argon plasma discharge has been deployed for
use in high-energy-density science experiments. Using commercially-available components, it is
possible to sustain a plasma in a vacuum chamber with volume approximately 1 L. Electron densities
greater than 10'! cm™ are measured when the argon fill pressure is 1 Pa.

The measured plasma parameters match estimates of commonly applied analytical models
of inductive discharges. Typically these models treat the system as a transformer, with the
inductive element taken as the primary circuit, and plasma taken as the secondary circuit [2, 19].
Applying a steady-state volume-averaged model [9—11] leads to estimates of electron temperature
of T, = 3.0 — 5.0 eV, and electron densities of n. = 10! — 10!2 cm™3. In addition, we observe the
trend that increased absorbed power leads to increased plasma electron densities, while the electron
temperature does not change significantly.



The modular design of the discharge makes it scaleable to longer lengths, and the inclusion of port
crosses allows for diagnostic access. The design has been assembled using a commercially-available
1-kW power supply, making it an accessible option for studying physics involving meter-length
plasmas in a University laboratory.

The discharge will be used in a high-energy-density science experiment at CERN’s HiRadMat
facility, in which beams of 440 GeV/c protons will be used to produce electron-positron pair
beams, and their propagation through the plasma cell used to study collisionless electron-positron
beam-plasma instabilities [27-30]. The experiment will study plasma processes relevant to the
propagation and stability of relativistic pair plasmas associated with extreme relativistic phenomena
such as Gamma-ray Bursts [46-48].
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