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Abstract
We present the first results of electron density and temperature measurements obtained from
Thomson scattering at the helicon plasma source (HPS) for the AWAKE project. These
measurements are compared to simulation results from a 1D power and particle balance model
(PPM), confirming that the plasma can be fully sustained by collisional power dissipation. The
variations in plasma parameters under different experimental conditions are evaluated in the
PPM framework. We discuss current limitations of the model and propose possible
improvements. Additionally, we suggest modifications to the existing HPS setup to enhance
axial plasma homogeneity.
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1. Introduction

Plasma wakefield acceleration [1, 2] is an attractive scheme
where electrons are captured in a plasma wave and acceler-
ated by the wave’s electric field. Electron energies in the GeV
range can be achieved in university scale experiments, using
high-intensity lasers to drive the plasma wave [3]. Even higher
energies can be achieved when the plasma wave is excited by
an energetic proton bunch. This is the principle underlying the
AWAKE (Advanced WAKefield Experiment) collaboration at
CERN which demonstrated the acceleration of electrons to
2GeV over an acceleration length of 10m [4]. The next chal-
lenge is to prove the scalability of the achieved electron energy
gain with the accelerator length. In AWAKE run 2c and run
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2d [5], two plasma sources will be used: (i) a self-modulator
where the 400 GeV proton bunch of 230 ps length and 200µm
transverse radius undergoes self-modulation, which results in
proton bunchlets with a modulation frequency of the electron
plasma frequency f pe, and (ii) a 10m accelerator where the
proton bunchlets drive the plasma wake that will accelerate
the witness electron bunch, subsequently, to multi GeVs. For
experiments following run 2, an accelerator with a length well
beyond 10m is required to access electron energies relevant
for particle physics experiments [5].

The requirements for the AWAKE plasma accelerator are
extremely challenging: (i) An electron density of 7× 1020 m−3

was defined as the nominal AWAKEdensity to reach accelerat-
ing gradients in the order of 1GV/m while promoting efficient
self-modulation of the initial proton bunch that is focused to
a transverse radius of 200µm [6, 7]. (ii) The relative variation
of the electron density along the entire length of the plasma
has to be below 0.25% in order to guarantee that the acceler-
ated electron bunch remains in phase with the wakefields. For
the self-modulator, the constraint on homogeneity is less rig-
orous, but the possibility to introduce a well controlled density

1 © 2024 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6587/ad7d36
https://orcid.org/0000-0001-6102-0898
https://orcid.org/0009-0003-7272-6505
https://orcid.org/0009-0003-5047-2516
https://orcid.org/0000-0002-3165-7449
https://orcid.org/0000-0001-8348-1716
https://orcid.org/0000-0001-5420-6002
https://orcid.org/0000-0002-9830-9641
mailto:christine.stollberg@epfl.ch
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6587/ad7d36&domain=pdf&date_stamp=2024-9-30
https://creativecommons.org/licenses/by/4.0/


Plasma Phys. Control. Fusion 66 (2024) 115011 C Stollberg et al

gradient or density step is desirable to enhance the accelerat-
ing wake field amplitude [8]. (iii) The plasma source has to be
scalable in length, well beyond 10m, and compatible with the
rough environment of the tunnel of the CERN accelerator that
provides the initial proton and whitness electron bunches.

During AWAKE run 1 [4], a single 10m-long rubidium
vapor source was utilized as combined self-modulator and
accelerator [9, 10]. Careful control of the temperature and
base pressure along the source generated homogenous plasmas
or smooth density gradients. Currently, the rubidium source
is upgraded to produce a density step and its effect on the
self-modulation of the proton bunch will be tested, shortly.
However, as the plasma is generated by laser ionization, the
rubidium source can not be scaled to much more than 10m.

Recently, a 10-m discharge plasma source (DPS) [11] has
been developed and tested very successfully in the AWAKE
experiment at CERN for its potential application as self-
modulator. The relatively simple design comprises two elec-
trodes, a cathode at one extremity and an anode at the other,
that are driven by a fast ignition voltage pulse and a slower
heater current pulse. The DPS demonstrated compatibility
with the tunnel environment and integration into the CERN
facilities, great flexibility in the plasma parameters (electron
density and ion mass by using different gas species), ease
of use, and reproducibility. During the campaign, the effects
of the plasma parameters on the self modulation of a proton
bunch and various diagnostics were extensively tested [12–
14]. However, the uniformity of the electron density, the key-
requirement for the future scalable accelertor, was not yet
assessed.

Also under consideration as plasma source for AWAKE is
the helicon plasma source (HPS), which is based on radio-
frequency (RF) antennas, and, therefore, intrinsically scalable
in length. Helicon plasma sources are known for their cap-
ability to produce relatively high density plasmas at relat-
ively low input power [15]. However, the densities required
for AWAKE are well beyond the usual operating regime of
pulsed helicon sources. Few systems for high-power hel-
icon sources are currently under development. The applica-
tions involve several fusion-related subjects such as plasma-
wall interaction at MPEX [16, 17], current drive at DIII-
D [18] and negative-ion production for neutral beams at
RAID [19, 20]. Furthermore, the Variable Specific Impulse
Magnetoplasma Rocket (VASIMR) project [21] is exploring
the potential of helicon sources for plasma propulsion and the
high power helicon (HPH) device [22] is developed to invest-
igate the physics of the solar wind. Helicon source devel-
opment related to AWAKE also takes place with the mag-
netized anisotropic ion apparatus (MARIA) [23, 24] and the
Madison AWAKE Prototype (MAP) [25, 26] at the University
of Wisconsin, Madison. The laboratory focuses on basic hel-
icon science to contribute to HPS design considerations, and
diagnostics development. Most of these helicon sources use
an input power of few 10 to 100 kW and generate densit-
ies in the range of several 10−19 m−3 up to 1×10−20 m−3,
almost one order of magnitude below the required density for
AWAKE.

The AWAKE plasma source development program also
seeks to design a diagnostic suitable to be implemented in the
tunnel as a monitor for shot-to-shot stability and axial elec-
tron density homogeneity and that can provide a sensitivity of
0.25%. This development is especially challenging, as some
criteria seem mutually exclusive. Eletrical probes can not be
used in the AWAKE plasma sources due to the small radial
scale of the plasma devices and the perturbative character of
the probes. Interferometry and optical emission spectroscopy
(OES) can be potentially used as real-time monitor. However,
the inherent integration over the line of sight and the need
for reconstruction algorithms compromise the required loc-
ality and sensitivity of the measurement. Local diagnostics
based on active spectroscopy, such as Thomson scattering
(TS) [27] or laser induced fluorescence (LIF) [24], have to
overcome relatively low signal levels in the AWAKE dens-
ity regime so that data has to be acquired over many plasma
cycles. Furthermore, those techniques require an absolute cal-
ibration, which imposes additional uncertainties on the abso-
lute electron densities. Other techniques, such as micro wave
cut-off diagnostics, are under development.

Here, we report the first results of a TS diagnostics that
was newly implemented on the HPS at CERN The TS setup
provides a local and time resolvedmeasurement of the electron
density and temperature in the center of the plasma source for a
variety of initial conditions. Themeasurement results are com-
pared to detailed 1D simulation results of the plasma, which
provide guidance for the planning of a future modular design
for a 2.5m-long helicon prototype.

The present paper is structured as follows: in section 2
we will present the technical details of the HPS and the TS
diagnostic setup, followed by the results in section 3. We
then introduce the plasma model in section 4 and interpret
the experimental results based on the simulation results. In
section 6 we discuss our findings and future work and we close
with a conclusion in section 7.

2. Experimental setup

2.1. The AWAKE HPS

The helicon plasma source (HPS) for AWAKE was originally
developed at theMax Planck institute for Plasma Physics (IPP)
in Greifswald, Germany, and characterized with a CO2 inter-
ferometer, as reported in [28]. After demonstrating the nom-
inal AWAKE density of 7×10−20 m−3, the system was rein-
stalled at CERN with some improvements. We will shortly
describe the plasma source itself, the changes implemented at
CERN and the operating parameters anticipated to generate
highest densities as found in [28].

The plasma is generated in a 1m long quartz tube with
44mm inner diameter, equipped with three optical view
ports, as shown in figure 1. The axial magnetic field B0

of up to 125mT is provided by a DC current of ⩽400A
through five water-cooled copper coils. Three RF antennas are
equidistantly (230mm) distributed along the quartz tube and
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Figure 1. Outline of the experimental setup.

Figure 2. Illustration of the RF sequence used at the HPS for PRF =
9 kW/ant. Each RF pulse is 5 ms long. The measurement is obtained
at the 5’th pulse (marked in red). The RF sequence is repeated every
5 s.

over the view ports and fed by three individual RF power sup-
plies delivering PRF ⩽ 12 kW per antenna.

The RF generators are operated at fRF = 13.56MHz. They
are run in a ramp-up sequence with six individual pulses, the
last three reaching the nominal power. The pulses are gen-
erated at a frequency of 10Hz with a fast (2µs) rise time
and a pulse duration of 5ms, each. Due to the long separa-
tion (100ms) between the single RF pulses, the plasma gener-
ated in each pulse can be regarded as independent of the other
pulses. The ramp-up sequence was necessary only due to tech-
nical constraints of the RF generators. To limit the heat load
on the antennas and the vacuum chamber, the RF sequence
is repeated every 5 s, resulting in an effective operation fre-
quency of 0.2Hz, as illustrated in figure 2. Each RF generator
is coupled to its antenna by amanual floating L-type capacitive
matching circuit to minimize reflected power. The matching is
adjusted to the steady-state plasma conditions. Each time the
experimental parameters (in particular DC magnetic field and
RF power) are changed, the matching is adjusted accordingly.
The relative phase of the RF field provided to the three anten-
nas can be controlled at the RF power supplies that are oper-
ated with the same master clock. Note that the phase relation
between the antennas can strongly affect thematching network
and the achieved plasma parameters.

During reinstallation of the HPS at CERN several exper-
imental details were altered compared to the previous

setup operated at IPP Greifswald. In the initial setup [28],
75-mm-long half-helical antennas generating m= 1 modes
were employed. With this setup, no resonant effects were
observed. In particular, the electron density that is expected to
dominantly propagate a helicon wave at the same wavelength
as the half-helical antenna, was not generated preferentially.
Consequently, we have opted to replace the original antennas
with m= 0 mode ring antennas that provide several advant-
ages. (i) The 10-mm-wide copper rings can be easily fab-
ricated and installed on the HPS. (ii) The m= 0 mode pro-
motes symmetric plasma generation in both, the upstream and
downstream directions. (iii) The cross-talk between anten-
nas, where one receives the RF field generated by the oth-
ers, is reduced due to a smaller effective surface area and
the larger effective inter-antenna distance. Furthermore, the
pumping scheme of the HPS was changed from pumping
and gas feed being situated at opposite sides of the quartz
tube (steady-state flow) to a scheme where they are installed
on the same side (resulting in an almost stationary gas situ-
ation). The previously employed pump was exchanged by a
turbo molecular pump and a scroll pump to achieve a lower
base pressure. Additionally, adaptation to the CERN laborat-
ory required the modification of the grounding scheme of the
HPS, as well as utilization of longer RF cables and different
positions of DC ceramic breakers at the ends of the vacuum
chamber.

The HPS is operated with argon due to its relatively low
ionization energy of 15.76 eV, its inert chemical charac-
ter and its good availability. The pressure is adjusted to a
few (5 – 10) Pa, typically, such that the nominal AWAKE
density can be achieved at an ionization degree of 0.25 –
0.5. Furthermore, a simple power and particle balance model
(PPM) [29] showed that with a power of≈30 kW the required
density can be achieved with Te < 2 eV. Indeed, in [28], the
nominal AWAKE density of 7×10−20 m−3 was achieved for
PRF = 27 kW, delivered by three antennas (9 kW/antenna), at
p= 8 Pa and B0 = 106mT. The RF phase between the single
antennas was adjusted at the RF source to be 180:270:0 for
antennas 1:2:3.
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2.2. The TS system

A new TS diagnostics was installed to measure the local elec-
tron density ne and temperature Te, and to benchmark the
HPS operation after reinstallation at CERN The TS system
was developed on the Resonant Antenna Ion Device (RAID)
[19] at EPFL as improvement of a previous diagnostics [27].
Using the second harmonic of the Nd:YAG laser allowed us
to replace the polychromator and avalanche photo diodes by
a spectrometer and a gated ICCD camera, as demonstrated
in [30]. Furthermore, the shorter wavelength guarantees that
the diagnostic is operating in the incoherent TS regime for the
expected HPS densities. The setup is described in detail in the
following.

The TS setup relies on the second harmonic of a Quantel
Brilliant B,Q-switched Nd:YAG laser with an energy of
350mJ/pulse at 532 nm. The laser operates at 10Hz with a
pulse width of 7 ns. The 8mm-diameter laser beam is focused
into the vacuum quartz tube along the axis by a f = 1200mm
lens. A Brewster window and a set of five diaphragms with
aperture varying between 9mm and 7mm diameter have been
installed at the entrance and at the exit of the quartz tube
to reduce laser stray light. The focal spot size of the laser
pulse is approximately 2mm in diameter. The scattered light
is collected through the view port 2 at z= 50 cm, in the cen-
ter of the quartz tube. Reflections from the opposite side of
the port at the laser wavelength are significantly reduced by
a CuO coating. An f = 20mm, d= 25mm aspheric lens is
used to image a 4mm diameter plasma section into a 910µm
optical fiber. The collection volume is, therefore, ≈ 2× 2× 4
mm3 and defines the spatial resolution of the measurements. A
polarizer is inserted in the collection path to reduce the recor-
ded plasma self-emission. In order to suppress stray light from
reflections and Rayleigh scattering, a filter setup based on a
volume Bragg grating fromOptiGrate, providing a band-width
of 0.3 nm with an optical density OD = 4 [31, 32], is used.
The light exiting the fiber is collimated using a d= 50mm,
f = 100mm aspheric lens. In the present setup, the collima-
tion of the light from the 910µm fiber is not sufficient to reach
the specified extinction of OD 4. However, this approach was
chosen as a compromise between simple implementation of
the optics, optical throughput, and filtering performance. The
filtered light is imaged by an f = 75mm spherical lens onto
the input slit of a high through-put f /2, f = 200mm lens based
(Nikon AI 200 mm f2 ED IF) spectrometer, that is equipped
with a 2400 l/mm grating. The spectrometer is coupled to
a Princeton Instruments PiMax (PM4-1024f-SR-FG-18-P43)
gated Intensified Charged Coupled Device (ICCD). The typ-
ical gate time is adjusted to 30 ns to record the entire laser
pulse and to account for a jitter of ≈8 ns in the trigger chain.
The system provides a dispersion of δλ= 0.024 nm/px. High-
resolution measurements with entrance slit width of 200µm
yield a spectral resolution of ∆λ = 0.13 nm. To increase the
optical throughput, measurements are typically taken with a
500-µm entrance slit with∆λ = 0.4 nm (flat-top). To achieve
an acceptable signal-to-noise ratio (SNR), measurements are
averaged over 50 to 200 laser pulses. With the HPS operating

at 0.2Hz, this results in an effective measurement time of four
to 16 min per spatial and temporal point. During the measure-
ment time, the experimental conditions, e.g. the RF powerPRF,
the argon pressure p, and the DC magnetic field B0, exhibit a
variation of less than± 2.5%. The uncertainty due to the shot-
to-shot reproducibility of the experimental parameters during
one measurement is well below the statistical uncertainty of
the analysis (see section 3.1). Furthermore, the laser intens-
ity is monitored by a fast photo-diode that records a diffuse
reflection from one of the mirrors and the obtained TS signal
is corrected for potential variations.

3. Experimental results

3.1. TS data analysis procedure

The TS setup described above enables the precise, local meas-
urement of ne in the HPS, and furthermore provides a meas-
urement of the electron temperature Te, that was previously
inaccessible. Figure 3 illustrates the TSmeasurement obtained
with a spectrometer entrance slit of 500µm and averaged over
100 laser pulses. The data have been acquired at the fifth
RF pulse, see figure 2, with PRF = 27 kW (9 kW/antenna),
p= 8 Pa Argon, B0 = 106 mT, and at t = 350µs after the start
of the RF pulse. The data have been corrected for electronic
background noise, residual stray light at the laser wavelength,
and emission from the plasma. The recorded spectrum has
been fitted with a Gaussian distribution function, where the
data shown in gray are excluded from the fit. The central region
at 532 nm is not taken into account due to remaining laser stray
light and distortion effects from the notch filter. The region
at 528.7 nm is excluded due to intensity fluctuations of the
plasma self emission resulting from theAr II 4 s - 4p transition.
Shown are the best fit as red solid line, as well as the uncertain-
ties from the fit accounting for 1-σ in red dashed and dotted
lines. In the example shown, the FWHM of 3.47 nm yields an
electron temperature of Te = 2.0 eV. The scattered intensity
was absolutely calibrated using Raman scattering in nitrogen
and yields an electron density of ne = 2.6×10−20 m−3.

The uncertainty of the TS measurement can be estimated as
follows. For Te, the statistical uncertainty from the Gaussian fit
(3-σ) accounts for typically±0.1 eV. An uncertainty in the dis-
persion of 0.002 nm/px causes a systematic error in Te of 1%,
which is negligible in comparison to the statistical uncertainty.
For ne, the statistical uncertainty due to the Gaussian fit is 7%.
Additionally, several sources of uncertainty from the absolute
calibration have to be taken into account: 1) the reproducib-
ility of the laser energy introduces a statistical uncertainty of
2.5%; 2) the pressure of the N2 gas used for the calibration
was determined with an accuracy of 3%; 3) the theoretical
Raman cross sections are known to a precision of 8% [33];
4) the measured Raman spectrum can be fitted to a precision
of 5%; 5) the polarization purity of the laser pulse (≈80%) can
induce an uncertainty of up to 5% and leads to an underestima-
tion of the measured electron density. Considering all sources
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Figure 3. Experimental Thomson scattering (TS) spectrum with
Gaussian fit function for PRF = 27 kW, p = 8 Pa argon, B0 = 106
mT, t= 350µs yields ne = 2.6×10−20 m−3 and Te = 2.0 eV.

Figure 4. Time evolution of the plasma parameters with PRF =
12 kW, p= 8 Pa argon, and B0 = 106mT. The error bars represent
the statistical uncertainties. Additionally, for ne, a gray error bar
shows the systematic uncertainty.

of error to be independent, we can use Gaussian error propaga-
tion. Therefore, the statistical uncertainty of ne accounts for
8.5% while the systematic uncertainty (which is the same for
all measurements taken with the same calibration) is −11%
and +10%.

3.2. Time evolution of plasma parameters

Figure 4 illustrates the time evolution of the electron dens-
ity (black symbols) and of the temperature (red symbols) at
the center of the HPS for operation parameters PRF = 12 kW
(4 kW/antenna), p= 8 Pa argon, and B0 = 106mT. During
the first 100µs after the start of the fifth RF pulse, the elec-
tron density is below the sensitivity of the TS diagnostics.
Subsequently, ne increases rapidly to ≈1.6×10−20 m−3 at
t= 200µs. The peak density of 1.9×10−20 m−3 is reached
at t= 350µs and remains approximately constant until t=
1000µs. The electron temperature ranges between 1.5 eV, at
the beginning of the discharge, and increases up to 2.2 eV. At
the time of peak density, the electron temperature is typic-
ally around 2.0 eV. The minor variation of the plasma para-
meters after t= 350 suggests that a stable plasma condition is

Figure 5. Variation of the plasma parameters with the argon
pressure at 27 kW and B0 = 106mT shows relatively constant
density while the electron temperature drops with increasing
pressure.

Figure 6. Variation of the plasma parameters with the magnetic
field at P= 27kW and p= 8Pa argon, the dashed line shows a
linear fit to the density data.

reached and that the plasma can be modeled by a steady-state
approximation. Note that the temporal evolution of the plasma
parameters changes slightly with the experimental paramet-
ers (B-field, power, pressure). In the following, data obtained
at the time of peak density, typically between t= 300µs and
t= 350µs, are presented.

3.3. Influence of pressure on plasma parameters

The effect of the argon pressure on the plasma parameters in
the investigated pressure range is illustrated in figure 5. The
presented data indicate a rather small effect of the background
gas pressure on the electron density at the center of the plasma
column. In contrast, a significant decrease of electron temper-
ature with increasing pressure is observed, which is consistent
with the predictions from global 0D models [29, 34] and will
be further discussed in section 5.1.

3.4. Influence of magnetic field on plasma parameters

In contrast to pressure, the magnetic field has a large impact on
the electron density, as shown in figure 6 for constant power
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Figure 7. Variation of plasma parameters with the antenna power
with p= 8 Pa, B0 = 106 mT. Increasing the discharge power by a
factor of 2 increases the electron density by 25%.

and pressure of 27 kW (9 kW/antenna) and 8 Pa, respect-
ively. For B0 up to ≈106mT, the electron density appears to
increase linearly with magnetic field, while at larger field amp-
litude the density saturates. This correlation was also observed
previously [28] and attributed to the classical dispersion rela-
tion of helicon waves [35],

ω =
kk∥
q µ0

B0

ne
, (1)

where ω is the wave’s angular frequency, k and k∥ are the
norms of the total and the parallel (to the DC magnetic field)
wave vectors, respectively, q is the electron charge, and µ0 the
vacuum permeability. For a wave excitation at constant fre-
quency f = ω/2π at 13.56MHz, the electron density is pro-
portional to the magnetic field, given that the wave config-
uration, kk∥, is constant. This relation holds as long as the
helicon wave frequency is larger than the lower hybrid fre-
quency ω > ωLH ≈√

ωceωci, where ωce and ωci are the elec-
tron and ion cyclotron frequencies, respectively. For a driving
frequency of 13.56MHz, ωLH is reached at a magnetic field as
high as 132mT, which could, therefore, explain the flattening
of the density curve at large B-fields. However, applying the
helicon approximation to the present experiment is clearly an
oversimplification of the system (perfectly conducting bound-
ary, homogeneous electron density, no collisions). Moreover,
previous results showed that in case of a weakly bounded hel-
icon plasma, the axial wavelength is not constant but adjusts
smoothly to the applied B-field and density [36]. In this case,
the geometric configuration of the experiment is clearly not
imposing the wave vector geometry (kk∥ = const) of the hel-
icon wave.

3.5. Influence of RF power on plasma parameters

The variation of the plasma parameters with the power
delivered to each antenna is illustrated in figure 7. The
power was varied from 4 kW/antenna to 9 kW/antenna and
the matching network of the three antennas was optimized
individually for each power. Note that the data presented in

figures 7 and 6 were obtained several months apart from
each other. Consequently, additional changes in the HPS
setup had a discernible impact on the absolute electron dens-
ity. Nonetheless, the trends depicted remain valid. Figure 7
shows that the electron temperature is rather constant over
the probed power range, while the electron density increases
slightly. In particular, a doubling of the RF power results in
an increase of the electron density of 25% from 2×10−20 m−3

to 2.5×10−20 m−3. The rather moderate increase of density at
this high power level might be related to the phenomenon of
neutral depletion [37], which may affect the plasma density
at ionization degrees as low as 1%. Further investigation of
the transport of ions and neutrals, for example by LIF [24], is
highly desired to understand the impact of these phenomena
on the HPS. Additional effects potentially related to a flatten-
ing of the electron density will be discussed in section 5.3.

4. Modelling

To interpret our experimental results and to comprehend the
effect of the main physical processes on the establishment of
the steady-state plasma parameters, we developed a 1D power
and PPM. The model allows us to assess the general trends
observed in the experiment and whether the measured plasma
parameters are consistent with the collisional power depos-
ition of the helicon wave. We first calculate the propagation
of the helicon wave and the power density deposited into the
plasma using a predefined plasma profile as an input to the
simulation. The power density profile is integrated over the
azimuthal and radial coordinates and used as input for the 1D
(z-direction) PPM. We use the fluid equations to balance this
source of energy and of charged particles with the losses at the
plasma boundary. The power and particle balance equations
are solved numerically to find the axial distributions of ne
and Te in the established steady state. The electron density
profile retrieved from the simulation results is used as new
input for the wave propagation calculation. We find that the
model converges after only a few (3–4) iterations. While the
non-homogeneous features of the simulated electron density
slightly increase after several iterations, we show here only
the first iteration, as the increased computation time does not
justify the gain in precision, especially taking into account the
limited experimental data. In section 4.1, we first outline the
calculation of the helicon wave propagation and of its power
deposition. This is followed by the description of the PPM in
section 4.2.

4.1. Modeling the propagation of the helicon wave

In order to simulate the propagation of the helicon wave in
plasma and deduce its power density, we solve Maxwell’s
equations with a time harmonic ansatz X⃗(⃗r, t) = X⃗(⃗r)e−iωt and
describe the plasmamedium by a complex conductivity tensor.

Using the time harmonic ansatz, Maxwell’s equations can
be combined to yield the wave equation

∇⃗× ∇⃗× E⃗= µ0ω
2ϵE⃗, (2)

6
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Figure 8. 2D power deposition maps (a) electron density profile used for power deposition calculation, (b) power deposition for 1 ring
antenna at z= 0.5 m, (c) power deposition for 3 antennas as in the present HPS setup.

where ϵ is the complex dielectric tensor describing the
response of the plasma. A constitutive relation for the plasma
medium (Ohm’s law) can be found from the first moment of
Boltzmann’s equation (momentum conservation) for the elec-
tron fluid:

me∂tu⃗+ qE⃗+ q⃗u× B⃗0 + νenmeu⃗= 0, (3)

where u⃗ represents the mean fluid velocity, me the electron
mass, E⃗ the oscillating electric field, B⃗0 the background mag-
netic field aligned to the z-direction, and νen the effective
electron-neutral collision frequency. Equation (3) represents a
classical, collisional model that is equivalent to the concept of
Ohmic heating. Defining the current density as j⃗=−qneu⃗ and
using the time harmonic ansatz, we can re-write equation (3)
as

E⃗=
1

ϵ0ωpe

[
ω̂⃗j+ωce⃗j× e⃗z

]
, (4)

where we introduce the plasma angular frequency of electrons
ωpe =

√
q2ne/ϵ0me, the electron cyclotron frequency ωce =

qB0/me, and the complex frequency ω̂ = νen− iω. Note, that
we did not use the approximations common in helicon physics
to derive equation (4). In particular, we did not assume a con-
stant electron density, perfectly conducting boundaies, or neg-
ligible collisionality. Accordingly, we can estimate the power
deposition into the plasma due to the collisions.

Equation (4) is equivalent to Ohm’s law j⃗= σE⃗ with the
complex conductivity tensor

σ =
ϵ0ω

2
pe

ω̂2 +ω2
ce

 ω̂ −ωce 0
ωce ω̂ 0
0 0

(
ω̂2 +ω2

ce

)
/ω̂

 , (5)

which yields the complex dielectric tensor

ϵ= ϵ0

[
1+

σ

−iωϵ0

]
. (6)

Inserting equation (5) into equation (2), the wave equation
is solved numerically. Therefore, the detailed HPS geometry
was modeled in COMSOL [38] electromagnetic module and
an initial electron density, shown in figure 8 a, was defined. For
our convenience, we impose a radial electron density profile
throughout this paper that follows the power law

ne (r) = n0

(
1− rn

Rnp

)
, (7)

where Rp is the radius of the plasma boundary and n0 the elec-
tron density on-axis. This electron density profile can easily be
integrated radially and allows to establish a simple expression
for the following 1D PPM. In the present work, we set n= 2 to
achieve a parabolic density profile. In axial direction, the initial
electron density distribution is defined as flat, n0(z) =const,
and to fall off parabolically at the boundary.

The principal output of the wave calculation further used
for the PPM is the deposited power mapping, generally
expressed as:

Qwave (r,z) =
1
2

[⃗
j∗ · E⃗+ j⃗ · E⃗∗

]
. (8)

It was found in 3D calculations, performed with a ring antenna
configuration, that the resulting wave presents a very clear
m= 0 feature with azimuthal invariance. We, therefore, switch
to a 2D calculation that provides a higher precision, as it allows
for a denser mesh than in the 3D simulation. The results of
this 2D simulated power deposition are shown in figure 8.
Figure 8(a) illustrates the initial electron density map with a
peak value n0 = 2.6×10−20 m−3 at a background gas pres-
sure of 8 Pa. In figure 8(b) we show the resulting 2D power
deposition for a single antenna. The power transfer efficiency
to the plasma, accounting for the resistance of the antenna,
was considered and found to be ⩾80%. The power depos-
ition profile is axially symmetric around the antenna position,
as expected for an m= 0 ring antenna, and exhibits an axial
wavelength of ≈5 cm. The radial profile changes drastically

7
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with the distance from the antenna. At the antenna position,
the main power is deposited close to the plasma edge bymodes
that are characterized by short radial (and axial) wavelengths,
as well as strong radial damping. These modes can be identi-
fied as belonging to the Trivelpiece-Gould (TG) family [39].
Further away from the antenna, the power deposition peaks on-
axis, due to dominant helicon H-modes that are characterized
by a radial wavelength comparable to the radius of the vacuum
tube.

In figure 8(c) we extend the calculation to the actual geo-
metry of the HPS with three antennas. The interaction of
the antennas with each other manifests itself in the develop-
ment of distinct interference patterns. At the antenna posi-
tions, increased power deposition at the outer plasma bound-
ary is observed, as expected from the 1-antenna calculation.
Additionally, the waves propagating from the neighboring
antennas lead to some power deposition also on-axis at the
antenna positions. Asymmetries in the axial directions are
caused by the lack of symmetry in the boundary conditions
of the present setup of the HPS.

4.2. Power-and-particle balance

After we have calculated the power deposited by the helicon
wave, we can use a PPM to evaluate the resulting electron
density ne and temperature Te. We use here Qwave as a source
for the electron fluid temperature, and, as a consequence, for
ionization. This source of particles and power is balanced by
the losses of the charged particles and their associated energy
at the plasma boundary. We, therefore, need to evaluate the
particle’s energy and flux (perpendicular to the boundary) at
the boundary. In axial direction, we use the model of ambi-
polar diffusion, where the particle flux results from the fluid
equations. In radial direction, we employ a floating sheath
model that defines the particle density and velocity at the
sheath entrance. We can then solve the particle and the power
balance equations to find the 1D steady-state axial profiles of
ne and Te.

We consider the particle flux Γ⃗ = n⃗u

∇⃗ · Γ⃗ = ki (Te)ngne, (9)

where the source term is due to electron impact ionization with
ki the (strongly dependent on electron temperature) rate coef-
ficient for ionization and ng the neutral gas density.

In axial direction, we consider a particle flux Γz due to
ambipolar diffusion, so that Γz =−µi ∂zpe, where we assume
that the ion temperature Ti and the ion mobility µi are much
smaller than their electronic counterparts Te and µe: Ti ≪ Te
and µi = q/mi νin ≪ µe = q/meνen [34]. Both, ions and elec-
trons, are, therefore, moving at the same velocity and Γ⃗i =
Γ⃗e = Γ⃗. Here, mi,e is the mass of electrons and ions and νin,en
is their effective collision frequency with neutrals. At the
boundary (z= 0 and z= 1 m) of the simulation domain, the
losses are defined by the particle flux at the sheath entrance
Γz(0) = Γz(1) = nshuBohm [40], given by the particle density

at the sheath entrance nsh = n0e−1/2 and the Bohm velocity
uBohm =

√
qTe/mi, where Te is given in Volt.

In order to describe the losses in radial direction, the sheath
model has to be modified due to the presence of the magnetic
field that confines the particles to some degree. Therefore, we
introduce the screening factor, fξ < 1, to account for the reduc-
tion of the radial transport and of particle losses [40]

Γr (Rp) = nB0
sh u

B0
sh = fξ nsh uBohm

= fξ n0e
−1/2

√
qTe
mi

. (10)

We can now integrate over the particle flux using Gauss’
divergence theorem

ˆ
∆S

Γ⃗d⃗S =

ˆ
∆V

∇⃗ · Γ⃗dV=

ˆ
∆V

ki ngnedV . (11)

The integration volume is the cylindrical elementary volume
∆V=

´ 2π
0

´ Rp
0

´ z+∆z
z rdϕ dr dz= πR2

p∆z at location z. When
integrating over the bases of the elementary volume, we use the
electron density profile from equation (7) that we can integrate
easily as

´ Rp
0 2π r

(
1− rn/Rnp

)
dr= 2π fnR2

p with fn = n/(2n+
4). Thus, we find

µi ∂
2
z p0 = n0 (z)

(
ξ uBohm
fnRp

− ki ng

)
, (12)

where we defined ξ = fξ e−1/2. The left hand side of
equation (12) results from the surface integral over the two
bases of the cylindrical volume element at z and z+∆z, where
p0 = kBn0Te is the thermal pressure on axis. The first term on
the right hand side (RHS) of equation (12) represents the sur-
face integral over the lateral surface of the elementary volume
element. The volume integral of equation (11) corresponds to
the second term on the RHS of equation (12). Equation (12)
illustrates that the axial particle flux, which is determined by
the ion mobility and the pressure gradient along the axis, is
driven by ionization and losses on the lateral cylinder surface.

Similarly, we consider the energy flux conservation

∇⃗ · Γ⃗W = Qwave − neng (ki (Te)ϵi + ke (Te)ϵe
+km (Te)ϵm) . (13)

The energy flux is closely related to the particle flux through
the energy associated to the fluid: Γ⃗W = αTeΓ⃗, whereα= 5/2.
The energy flux is driven by the source of the energy depos-
ition by the helicon wave Qwave and the energy loss terms
due to ionization (i), excitation (e), and elastic collisions (m),
where ki,e,m and ϵi,e,m denote the rate coefficient and the energy
for those processes, respectively. Note, that km is related to the
collision frequency by νen = kmng.

We use here Qwave from section 4.1 and define the integral
of the deposited power over the radial coordinate

Q̃wave (z) =
ˆ Rp

0
r ′Qwave (r

′,z)dr ′. (14)

8
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By using Qwave from the calculation of the wave propagation,
we assume that the helicon plasma is fully sustained by colli-
sional dissipation. Note that in the helicon physics community,
other dissipation mechanisms, such as Landau damping [41–
43], for which no analytic expressions exist, have been sugges-
ted. These could be accounted for, in principle, in the present
model by using an effective collision frequency νeffen .

We can now formulate

α

ˆ
∆S
TeΓ⃗ d⃗S=

ˆ
∆V

∇⃗ · Γ⃗W dV

=

ˆ
∆V

[
Qwave − neng

∑
p

kpϵp

]
dV, (15)

with p= i,e,m, and integrate over the elementary volume in
the same way as in equation (12)

αµi ∂z (Te ∂zp0) =− Q̃wave

fnR2
p

+ n0 (z)
αξ uBohmTe

fnRp

+ n0 (z) ng (ki ϵi + keϵe+ kmϵm) , (16)

with Q̃wave given by equation (14). The source term of elec-
trons in the particle balance is associated with a loss term in
the energy balance, as the system depletes energy in order to
provide the binding energy the electron needs to overcome.
Additionally, the energy balance contains the source of energy
of the deposited power and loss terms originating from excita-
tion (the power is then radiated) and elastic collisions (energy
transfer to neutrals). The elastic collision energy is given by
ϵm = 3qTeme/mi.

The two coupled equations (12) and (16) are solved jointly
in COMSOL with a finite elements method to retrieve the on-
axis electron density n0(z) and temperature Te(z).

Figure 9 shows the simulation results for p= 8 Pa, P =
27 kW (9 kW/antenna), B0 = 106mT, and an initial electron
density of 2.6× 1020 m−3, in comparison with the experi-
mental results. Figure 9(a) summarizes the setup with the pos-
itions of the antennas (orange), the optical ports (blue), and
the magnetic field coils (green). In black, the axial distribu-
tion of the DC magnetic field is shown. To label the cases with
different magnetic fields, we use the peak value at z= 40 cm.

Figure 9(b) provides the collisionally deposited power
from integration of figure 8(c) over the radius r and repres-
ents the term Q̃wave in equation (16). Due to the integral in
equation (16), the model does not resolve the radial distribu-
tion of the power deposition given in figure 8. Towards the
plasma edges, the power deposition falls off rapidly due to
the decreasing B−field. The asymmetry between the left and
right edges of the system is caused by the asymmetric B−field
distribution, as well as the different distances to the boundary
of the simulation domain (equivalent to the glass tube in the
experiment), with respect to the central antenna (antenna no 2
at z=37 cm). The double peak at antenna 2 is caused by inter-
ference effects between the three waves. It is evident that the
present HPS setup with three antennas and a rather inhomo-
geneous B−field leads to a highly inhomogeneous and asym-
metric power deposition. The effect of an improved symmetry

Figure 9. Simulation results for p= 8 Pa, P= 27kW, B0 = 106mT,
showing the initial configuration, the deposited power integrated
over r and θ, the on-axis electron density n0, and the on-axis
electron temperature Te.

of the setup on the deposited power and electron density will
be assessed in section 5.4.

The on-axis electron density n0, calculated with the 1D
PPM, is shown in figure 9(c). The axial distribution of n0
closely resembles the power deposition of figure 9(b). Fine
details of the power distribution, for instance at z≈ 40 cm, are
smoothed out by transport processes. As expected, the amp-
litude of the simulated electron density profile is very sens-
itive to the particle loss rate at the cylinder surface. We here
use the screening factor f ξ as a tuning parameter to reproduce
the measured electron density. For the magnetic field of B0 =
106mT, a value of fξ = 0.4 could well reproduce the exper-
imental electron density at z= 50 cm. Note that the screen-
ing coefficient f ξ also has a small effect on the simulated
temperature.

The 1D simulation suggests that the axial profile of the
electron density is not homogeneous but rather peaked at the
antenna positions with a variation of a factor of more than two
along the axis. However, comparison of Q̃wave(z) (figure 9(b))
with Qwave(r,z) (figure 8) shows that at the antenna position, a
large fraction of the power is deposited at the plasma boundary
by TG dominated modes. Due to the large radius, this contri-
bution dominates the integrated power shown in figure 9(b),
although the power actually deposited on axis is rather small.
Therefore, the simulated 1D electron density at the antenna
positions is probably an overestimation. Radially resolved
simulations, as well as additional measurements closer to the
antenna positions, are planned to address this issue.

In figure 9(d) we show the simulated electron temperature
Te. The temperature of the system adjusts to provide a high
enough ionization rate to balance the losses. Therefore, the
simulated temperature is highly sensitive to the value of the

9
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ionization rate ki. Here, we use the rates given by Lieberman
[34] which reproduce the experimental value of Te within
25%. When using the ionization rate coefficients provided by
Bolsig+ [44], for instance, the temperature was simulated to
be ≈4 eV instead of the measured ≈2 eV. The electron dens-
ity, on the other hand, is only effected slightly by the choice
of ki in the PPM.

In contrast to the electron density, the electron temperature
is rather constant along the axis. Thermal diffusion, repres-
enting an energy transport process, is related to the electron
mobility and thermal velocity. In contrast, particle diffusion,
which requires mass transport, is limited by the ion mobility
in the model of ambipolar diffusion. We can estimate the time
scale of thermal diffusion τ th as follows:

τth =
L2

χ
=
Cen0
κ

L2 =
3/2kBn0

κ
L2 (17)

with L the typical length scale of diffusion, χ the electron
thermal diffusivity, Ce the specific heat capacity of electrons,
and κ their thermal conductivity given as [45]

κ
[
erg s−1cm−1K−1

]
=

1.93× 10−5 ζ (Z) Te [K]
5/2

Z lnΛ
. (18)

Here, lnΛ≈ 5 is the Coulomb logarithm and ζ(1) = 0.95
is a numerical factor depending on the average charge Z.
Assuming a diffusion length of 10 cm, an electron temperature
of 2 eV, and an electron density of 2×10−20 m−3, the typical
thermal diffusion time is τth ≈ 20µs. This estimate demon-
strates that we expect a fast equilibration of the electron tem-
perature over the entire simulation domain and a flat temperat-
ure profile in steady state, therefore. The time scale of particle
diffusion is given as τpart = L2/DA with

DA = Di

(
1+

Te
Ti

)
=
kBTi [K]
mi νin

(
1+

Te
Ti

)
, (19)

where Di and DA are the diffusion coefficients for ions and
for ambipolar diffusion, respectively. Utilizing Ti = 0.1 eV, Te
= 2 eV, and νin ≈ 1MHz, resulting from an ion-neutral colli-
sion cross section of 10−18 m2 at p = 8 Pa, the particle diffu-
sion time over a distance of 10 cm yields τpart ≈ 2ms. In the
present regime, particle diffusion is two orders of magnitude
slower than thermal diffusion, which explains the significant
difference in the electron density and temperature profiles.

5. Simulation results for parameter scans

In section 4 we used the measured ne and Te for the experi-
mental case of p= 8Pa,P=27 kW, andB0 = 106mT to adjust
the variable parameters of the model (ionization rate coeffi-
cient ki and screening coefficient f ξ). In the following we will
use these determined model parameters and vary the experi-
mental parameters (p,P, and B0). The plasma parameters, ne
and Te, predicted by the model, can then be directly compared
to the measurements presented in section 3.

Figure 10. Simulation results for p= 1 Pa to 12 Pa, P= 27 kW,
B0 = 106mT. The simulation reproduces the seemingly constant ne
at the measurement position, as well as the trend of the temperature
measuremnt.

5.1. Pressure variation

Figure 10 shows the results of the simulation for different ini-
tial gas pressures. It is evident that the simulation reproduces
the trend of the experimental values of ne and Te very well.
The change in the collisionality of the plasma with the varying
background gas pressure has several effects: i) The increased
collisionality at higher pressure leads to a larger damping of
the wave so that more power is deposited in the antenna region,
as seen in figure 10(b). ii) At lower pressure, the increased
mobility of the particles leads to a smoothing of the elec-
tron density profile (see figure 10(c), p = 5 Pa, z ≈ 40 cm
). Surprisingly, at z= 50 cm, where the measurements were
performed on optical port 2, the simulated electron density is
indeed independent of the pressure, as observed in the experi-
ment. iii) The ionization rate increases linearly with gas pres-
sure, while ki, in the present parameter range, increases faster
than linearly with Te. An increase of the background pressure,
therefore, leads to a decrease in Te, as also shown in [34, 37].

Due to the homogeneous electron temperature, the 2D PPM
exhibits many similarities to global 0D models [34]. In those
models, for weakly ionized plasmas, the power balance and
the particle balance can be decoupled. The electron temper-
ature then solely depends on the neutrals density and a form
factor that relates the surface of the vacuum vessel (boundary
losses) to its volume (ionization volume). However, it is inde-
pendent of electron density. The electron density, on the other
hand, is proportional to the deposited power. The increase of
the electron temperature with a decreasing background pres-
sure predicted by the simple 0Dmodel in the present parameter
range close to the ionization threshold is well reproduced by
the 1D model and verified by the experimental measurements.
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Figure 11. Simulation results for p= 8 Pa, P=27 kW, B0 = 46mT
to 106mT. The simulations demonstrate the large impact of the
B-field on the axial profile of the electron density due to the
changing propagation of the helicon waves.

To test the effect of a strongly decreased collisionality,
another simulation was performed for a gas pressure of 1 Pa.
This resulted in a significantly more uniform density pro-
file, mainly caused by a drastic change in the power depos-
ition due to reduced damping. However, at such low pressure,
the electron temperature is strongly elevated and the result-
ing electron density exceeds the gas density. In order to cor-
rectly account for this scenario, cross sections for ionization
of Ar II (singly ionized argon) to Ar III (two times ionized
argon) would need to be considered. Note also that additional
effects, like increased energy and particle transport across the
B-field at higher pressure and effects of the radial profile on
the power deposition, are not taken into account in the present
simulation.

The measurements presented with different neutral pres-
sures illustrate the importance of the collision frequency and
transport effects on the development of the equilibrium ne and
Te profiles. This highlights the importance of a combined dens-
ity and temperature diagnostics to understand the basic phys-
ical phenomena that govern the establishment of the electron
density in the HPS. In the future, we are planning to invest-
igate a larger pressure range and to obtain detailed radial and
axial plasma parameter profiles.

5.2. B-field variation

Figure 11 illustrates the effect of varying the DC magnetic
field from B0 = 46 mT to B0 = 106 mT on the simulation res-
ults. The initial electron density was set to 2.3× 1020 m−3

to represent the range of measurement results with different
magnetic field. At lower B-field strengths, the primary area of
power deposition is near the antennas. Conversely, a higher

B-field facilitates wave propagation into the gap between the
antennas, and power deposition in this region, consequently
(figure 11(b)). The variation of the B-field strongly impacts the
electron density at the inter-antenna area (z≈ 25 cm and z≈ 50
cm), in particular, at the optical view-port. Here, an increased
B-field generally correlates with higher electron densities, as
indicated by the solid lines in figure 11(c), where we assumed
a fixed screening coefficient, fξ = 0.4. Consistently, the line-
integrated electron density N0 =

´
n0(z)dz, remains practic-

ally unchanged across the different B-field values when f ξ is
held constant. Similarly, the simulated electron temperature
Te (figure 11(d)) shows no significant variation with magnetic
field strength, assuming a constant f ξ.

Additionally, we show the effect of an increasing screen-
ing coefficient to account for increased losses at the plasma
boundary for lower magnetic fields, namely using fξ = 0.5
for B0 = 76 mT (dashed lines) and fξ = 0.6 for B0 = 46 mT
(dotted lines) in figures 11(c) and d. With these adjustments,
a reduced magnetic field results in a notable decrease in the
overall electron density, accompanied by a slight increase in
temperature. The latter can be understood from the analogy
with the 0D model, where the reduced confinement acts like
an increased surface of the vacuum vessel, which leads to
a reduction of the electron temperature. The adjustment of
the screening coefficient for varying magnetic field strengths
allows for a precise reproduction of experimental density val-
ues at the central view port (markers in figure 11(c)), as well
as the observed trend of variation in temperature (markers in
figure 11(d).

The observed linearity between ne and B0 at the view
port was in principle reproduced in the simulations by vari-
ation of the screening coefficient to increase the losses at
lower magnetic field. However, figure 11 demonstrates that
the relation ne ∝ B0 inferred from the helicon dispersion rela-
tion, equation (1), does not hold in general, as seen at the
antenna positions, for instance. Nonetheless, a correlation of
the screening coefficient f ξ with B0 is of course expected.
Considering the particle velocity at the sheath entrance, we can
formulate an effective electron mass meff

e = (1+ω2
ce/ν

2
en) me

due to the magnetic field. The effective Bohm velocity then
becomes [40, 46]

uB0
sh = ueffBohm (B0) =

√
q(Ti +Te)

meff
i +meff

e

≈
√

mi

mi +
q2B2

0
meν2

en

uBohm. (20)

We could associate f ξ directly with the effective Bohm
velocity fξ = Γr(B0)/Γr(B0 = 0) = ueffBohm(B0)/uBohm, which
would yield an approximately inverse proportionality of f ξ
withB0, as roughly suggested by the simulations. However, we
assume here that the magnetic field has no effect on the elec-
tron density at the sheath entrance, i.e. nB0

sh = nsh. Moreover,
the effective Bohm velocity also strongly depends on the col-
lision frequency in the plasma, which is not well known.
Therefore, additional investigations are required to correctly
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Figure 12. Simulated electron density results for p= 8 Pa, B0 =
106mT and PRF = 0 kW to 27 kW at view port 2 position. The
simulation results in a linear relation between input power and
electron density while the simulated temperature is constant. In
order to describe the saturating behavior of the measured electron
density, the model has to be further refined.

account for the effect of the magnetic field in the simulations.
Additional measurements at different magnetic fields, and, in
particular, for zero magnetic field, that can access the plasma
at the antenna positions are planned to further investigate the
dependencies of the plasma parameter distributions on the B-
field and to benchmark the 1D simulations.

5.3. Power variation

The variation of input power was assessed in the simulation
and resulted in a linear relation between power and electron
density, as shown in figure 12 (red line). When assuming the
same initial electron density profile, the power provided to the
antennas occurs in the wave propagation simulation merely
as a constant factor for the dissipated power. Similarly, with
the present assumptions, the PPM results in a linear relation
between dissipated power and electron density, as in the 0D
global models [34]. However, several physical phenomena
that can lead to a saturation of the achieved electron density
when power is increased, as illustrated by the experimental
data in figure 12 (black symbols), have been neglected in the
present, simple, model. (i) The variation of the initial electron
density level will slightly change the power deposition pro-
file. However, the effect is rather small and was not taken into
account here, therefore. (ii) The power deposition profile also
strongly depends on the radial electron density profile, par-
ticularly the density gradient at the boundary. Steeper gradi-
ents, associated with higher densities, can result in signific-
ant edge power deposition and, therefore, reduce the on-axis
density. This scenario was tested by increasing the gradient
in the initial radial electron density profile, i.e. setting n= 8
in equation (7), and resulted in a lower Q̃wave in the inter-
antenna region. (iii) In the present model, a constant neutral
density was assumed. Effects of depletion of neutrals due to
ionization (here ≈ 10%) and the neutrals pressure balance are
not taken into account. According to Fruchtman et al [37], an

ionization degree as low as 1% can have a significant effect
on the axial electron and neutral density profiles. The sink of
neutrals establishing in the plasma center due to the pressure
balance reduces the drag on the ions that are no longer confined
axially. Therefore, an increase in power can in principle lead
to a decrease in electron density. (iv) All loss mechanisms con-
sidered in the present model are linear in electron density. At
increasing density, however, also three-body-recombination
(∝ n2e) should be taken into account.

Note that the good agreement between measurement and
simulation at high power was achieved by adapting the vari-
able model parameters (in particular f ξ) to the high-power
operation. Fixing these parameters while neglecting the afore-
mentioned processes leads to an underestimation of the achiev-
able density at the lower-power operation, as seen in figure 12.
In order to further investigate the exact impact of these pro-
cesses on the plasma, they will be included in a future version
of the PPM. Furthermore, extending the measurements to the
low-power regime and obtaining radial, as well as axial, dens-
ity profiles is desirable.

5.4. Study of density uniformity

The most stringent requirement for the AWAKE accelerator
plasma source is the homogeneity of the axial density profile
of 0.25%. We here explore the achievable density homogen-
eity within the limits of the 1D simulation with an optimized
HPS setup. We choose a target density of 2.3×10−20 m−3 in
order to be close to the experimental conditions that have been
used to establish the simulation. A B-field of 0.1 T, constant
along the entire simulation domain, is assumed. For these con-
ditions, a single ring antenna excites a dominant mode with
axial wavelength of 5 cm. Therefore, an antenna was placed
every 5 cm along the ideal quartz tube. The overall 12 anten-
nas are powered with 25 kW in total (2.1 kW/antenna) and the
argon pressure is set to 8 Pa. Figure 13(a) shows the 2D depos-
ited power map. An axial line-out at the center (figure 13(b))
illustrates a flat power deposition region in the central 0.5m
with an oscillation of 25mm period and 10% amplitude in
comparison to the average value. Integration over the radial
variable (figure 13(c)) reduces the amplitude of the oscillations
but introduces an over-all gradient resulting in a slightly lower
power deposition in the center of the system. Figure 13(d)
shows the resulting electron density from the PPM (black line),
compared to the original density profile utilized to calculate
the power deposition (red line). The mobility of the particles
smooths out the oscillations but the density gradient seen in
figure 13(c) is still present. We achieve here an axial variation
of the electron density of ±10% over the central 0.5m of the
HPS. This is a significant improvement over the ±50% dens-
ity variation predicted for the present experiment (3 antennas,
strongly varying axial B-field), but still far from the 0.25%
required for AWAKE experiments.

However, it is plausible that the actual density profile
in the presented case is closer to the on-axis power profile
(figure 13(b)) than to the radially integrated case (figure 13(c)).
This highlights the need to develop a 2D-model that can take
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Figure 13. Simulation optimized for homogenous axial density of
2.3×10−20 m−3 employs 12 antennas at p= 8 Pa Ar, P= 25 kW
total, and a homogeneous B0 = 100mT. (a) Qwave(r,z), (b) central
lineout Qwave(r= 0,z), (c) integrated dissipated power Q̃(z), (d) the
initial ne profile used for the simulation (red) and the resulting
density profile n0. The electron density variation in the central 0.5m
of the cell is ±10%.

into account the full map of the power deposited into the
plasma. Furthermore, we find that the power deposition pattern
is dominated by the near field of the antennas and that a vari-
ation of the initial electron density or the exact antenna spacing
can result in strongly varying interference patterns. However,
these fluctuations have only a minor influence on the resulting
ne profile, so that an even closer spacing of the antennas is not
resulting in a more homogeneous plasma density. The simu-
lations suggest that a setup with an antenna spacing around
5 cm could be suitable to achieve a relatively homogeneous ne
profile in a range of electron density amplitudes. The density
tuning could be achieved by the power and DC magnetic field
applied to the system.

6. Discussion

We presented here the results of the first TS measurements
obtained at the optical view port location of the HPS for the
AWAKE experiment. In contrast to previous experiments [28],
in the present campaign, the source was operated with ring
antennas. The TS diagnostics provides locally and temporally
resolvedmeasurements of the electron density and the electron
temperature that were compared to a 1D PPM.

Utilizing the purely collisional power dissipation from the
helicon wave to the plasma, the plasma parameters meas-
ured in the experiment could be reproduced, suggesting that
the plasma is sustained fully by collisional power dissipation.
The simulation results in a homogeneous Te profile, promoted
by the fast thermalization of electrons. The global electron

temperature is determined by the neutrals density and the
plasma geometry. The obtained ne profiles, in contrast, exhibit
a strong inhomogeneity along the axial coordinate. This is due
to two factors, the strongly localized power deposition at the
antenna locations, that is overestimated in the present radially-
integrated 1D model, and the low mobility of the ions, that is
likely underestimated by neglecting neutral depletion.

The general trends measured in different operating condi-
tions could be well-reproduced by the model. In particular, we
observe a decrease in Te when the gas pressure increases and
when the particle losses increase due to reduced confinement
at low magnetic fields. In contrast, Te is not affected by the
power deposited into the plasma. The increased ne at the view
port position with increased magnetic field is caused by the
promotion of wave propagation into the inter-antenna gap and
reduced losses to the lateral boundary. The measured satura-
tion of the electron density with provided power, however, was
not reproduced by the present model due to several physical
processes not accounted for.

A considerable improvement of the plasma homogeneity
was achieved in the model by improving the homogeneity of
the DC magnetic field and by simulating a large number of
antennas. With 12 antennas, the simulation predicts an ne pro-
file with a smooth gradient leading to a density variation of
<10% over the central 50 cm of the HPS, in contrast to the
present >50%. Moreover, due to the simplifications applied
in this 1D model, we expect the real density profile to exhibit
an even better homogeneity.

In order to deeper understand the physical phenomena that
lead to establishing the steady-state plasma parameter distri-
butions in the HPS, further investigations are required. Future
experimental campaigns are planned to extend the power and
pressure scans and to obtain detailed radial and axial ne and Te
profiles. These data will be used to benchmark an improved
2D PPM that will allow to account for the significantly dif-
ferent power deposition profiles along the HPS. Furthermore,
introducing the mechanism of neutral depletion will enable us
to advance the modeling of the electron density established at
high power.

During the present measurement campaign, a maximum
electron density of 3×10−20 m−3 was measured at the optical
view port. This is more than a factor of two lower than
the nominal AWAKE density of 7×10−20 m−3 which had
been measured previously by interferometry [28]. Changing
the antennas and other experimental conditions detailed in
section 2 (pumping scheme, insulation, grounding, match-
ing), might have impacted the power transfer efficiency in the
present setup. In the PPM, such an impaired efficiency could
have been compensated by an overestimation of the losses at
the plasma surface. Furthermore, significantly different axial
density profiles generated by the ring antennas in compar-
ison to the previously employed half-helical antennas might
be responsible for the lower measured electron density at the
view port. The comparison of the plasma parameters achieved
with different types of antennas will be subject to future invest-
igations. Furthermore, the violation of the cylindrical sym-
metry due to the view port might affect the plasma distribution.
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Diffusion of the plasma into the view port probably causes
a reduced on-axis density at this location, while an exten-
ded plasma width might have caused an overestimation of the
central plasma density in the chord-integrated interferometer
measurement [28].

The potential effect of the view ports on the plasma sym-
metry highlights the need to utilize a cylindrically symmetric
quartz tube for the HPS. Therefore, we are planning to adjust
the collection branch of the TS diagnostic to account for the
curvature of the quartz tube. This setupwould enable themeas-
urement of axial density profiles along the entire length of
the quartz tube, in particular, close to the antenna positions.
However, careful mitigation of laser reflections from the wall
of the quartz tube has to be implemented, as a black coating, as
presently used opposite to the view port, will not be possible
in this configuration.

The accuracy of the electron density determination of the
present TS setup accounts for≈ 10%. For the AWAKE plasma
source, a homogeneity of the electron density along the axis
of 0.25% is required. In order to assess ne at this level of pre-
cision, the statistical uncertainties have to be reduced, signi-
ficantly. This could be achieved by accumulating more laser
pulses, with the drawback of increasing the effective integra-
tion time. Another strategy to improve the SNR could be to
increase the throughput of the optical system. Utilizing a larger
width of the spectrometer entrance slit, however, compromises
the performance of the notch filter and the precision of the fits
for the Thomson spectra and the calibration Raman spectra. A
local, on-line diagnostic of the electron density at the precision
of 0.25%, therefore, requires further significant development.

7. Conclusions

We report on the first TS measurements in the HPS for
AWAKE. The diagnostic provides precise, local, temporally-
resolved electron density and temperature data at the optical
view port position. The experimental data are compared to a
1D PPM, where the input power is determined from the simu-
lation of the propagation of the helicon wave in the plasma. It
was found that a purely collisional power deposition is com-
patible with the measured plasma parameters. Furthermore,
the general trends of the plasma parameters with the vari-
ation of the experimental parameters have been reproduced.
However, in order to simulate the saturation of the measured
electron density with the RF power, the model requires fur-
ther refinement. The simulation results suggest the presence
of strong variations of the electron density along the plasma
axis, that are likely overestimated in the simple 1D approach of
the present model. Nevertheless, the simulation demonstrates
that the plasma homogeneity can be significantly improved
by providing a homogeneous DC magnetic field and a large
number of antennas, approximately one antenna every five
centimeters. The highest electron densities measured in the
present configuration with ring-antennas were 3×10−20 m−3,
about a factor of 2.5 smaller than required for optimum con-
ditions in electron acceleration experiments at AWAKE. The

effect of the utilized antenna type on the achievable electron
density is subject to future research. Additionally, extending
the measurements to cover a larger pressure and power range
and to obtain radial and axial plasma profiles is planned. An
improved 2D PPM, including additional effects such as neut-
rals depletion, is currently under development and will be val-
idated with the available experimental data. Additional simu-
lations will be guiding the development of an updated 2.5m
HPS prototype that should meet the design requirements for
the future modular AWAKE accelerator. Furthermore, the TS
diagnostic is planned to be employed to characterize the ne
homogeneity of AWAKE’s DPS. By providing reliable plasma
parameters across different plasma sources, the developed TS
setup is expected to contribute significantly to the AWAKE
project and to the advancement of the simulation of helicon
plasma sources.
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