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Radial profiles of electron temperature and density are measured at high spatial (~1 mm) and tem-
poral (>10 us) resolution using a thermal supersonic helium jet. A highly accurate detection system
is applied to well-developed collisional-radiative model codes to produce the profiles. Agreement be-
tween this measurement and an edge Thomson scattering measurement is found to be within the error
bars (<20%). The diagnostic is being used to give profiles near the ion cyclotron resonant heating
antenna on TEXTOR to better understand RF coupling to the core. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4739236]

. INTRODUCTION

The helium line intensity ratio technique is a common
method used to determine the radial profiles of electron tem-
perature and density in the boundary region of magnetic fu-
sion devices. Years of development with thermal beams of he-
lium have led to their successful use to probe the plasma edge
with minimal to no perturbation of the bulk plasma.'=> These
efforts require a detection system that is closely coupled to a
collisional-radiative model (CRM) to accurately describe the
physics processes of the thermal helium beam interacting with
plasma.!%#3

In this work, a remote and highly accurate detection sys-
tem called “the filterscope”®” is applied to a well-developed
supersonic helium injector and CRM codes to produce high
spatial (~1 mm) and temporal (>10 us) resolution radial pro-
files near an ion cyclotron resonant heating (ICRH) antenna®
on the TEXTOR tokamak.” The addition of the filterscope
system to the helium line-ratio technique adds unique capa-
bilities to the method, e.g., it increases the signal-to-noise by
individually detecting each emission line; it eliminates noise
sources by placing the detector system well away from the de-
vice; and it allows simultaneous high sampling rates. This par-
ticular configuration is dubbed the helium line-ratio spectral-
monitor (HELIOS) system as it uses narrow-bandpass filters
to individually discriminate and sample each helium emission
line. Details are presented describing the diagnostic hardware
and technique as implemented on TEXTOR, and an overview
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of data obtained from the CRM models used with this setup
is presented.

Il. APPARATUS

A thermal supersonic helium jet is produced on TEXTOR
and a 25 chord optical-train is aligned orthogonal to the jet
to locally measure the intensities of three (3) helium emis-
sion lines at 667.8 nm, 706.5 nm, and 728.1 nm. The details
of the choice of these emission lines are described in Sec. III.
The full setup of the system is shown in Fig. 1. The fig-
ure shows, from left to right: a schematic of the TEXTOR
machine hall; the diagnostic room rack that holds the detec-
tion hardware and control system; and the control room in-
terface that is connected via ethernet to the rack. In the ma-
chine hall, a well-established Camparque-type supersonic in-
jector system * produces a neutral helium beam vertically, at
R = 1.825m, and passes very near, ~1 cm, the upper edge
of the ICRH antenna. This injector system is optimized for
low divergence (£1°) to minimize the line-of-sight integra-
tion across the beam axis. Field-line optics plus relay mirrors
then focus the output of 25-chord fiber bundle at the observa-
tion volume (a Z >~ 5cm by R ~ 10 mm volume). The fiber
bundle then transfers the emission light outside the machine
hall into a nearby diagnostic rack (~50 m from the collection
optics). Each chord in the fiber bundle can terminate into a
collimator coupled to one of twelve sets of detector assem-
blies inside the rack. A “patch panel” style interface allows
easy configuration of the chords to the limited detector assem-
blies. Each assemble contains three pellicle beam splitters and
a turning mirror. There is a narrow-bandpass (AX ~ 1nm)
3-cavity dichroic filter for each detection wavelength before
the light enters compact photomultipler tubes (PMTs). Each
PMT output goes through an anti-alising filter, gain amplifier,
and buffer amplifier before going to the data acquisition. The

© 2012 American Institute of Physics
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FIG. 1. A schematic diagram showing the general layout of the collection optics (left-hand side), detection hardware (middle), and the data acquisition and

control (right-hand side).

details of the data acquisition and control can be found in
Ref. 6. This equipment is remotely controlled via a local eth-
ernet connection and data are archived and accessed on the
local control computer via MDSplus. !?

lll. RESULTS

The details of the system of helium lines used in the
CRMs for this application have been determined by many
past studies."»>*>!" As CRM modeling and the measure-
ments have improved, it has been determined that the
emission lines from two singlet state transitions (at 667.8 nm
and 728.1 nm) and one triplet state transition (at 706.5 nm)
of neutral helium is sufficient to accurately determining
the local electron temperature and density. The ratio of the
667.8 nm to 728.1 nm gives the electron density and the ratio
of the 728.1 nm to 706.5 nm gives the electron temperature.
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FIG. 2. The time history of a typical TEXTOR discharge with the HELIOS
system. (a) shows the correlation of helium pulses within the discharge. (b) is
the line-ratio of density for two viewchords versus time. (c) is the line-ratio
of temperature for two viewchords versus time.

Figure 2 shows the time history of a discharge in TEX-
TOR with the HELIOS system. Figure 2(a) shows the plasma
current and line-averaged, core density of the discharge. The
discrete helium puffs are also shown in this subfigure for ref-
erence. The supersonic jet pulses at 2 Hz allowing the back-
ground signal to be subtracted before the ratio is taken. Each
pulse has a 120 ms width. Two line ratios for the electron den-
sity (R(6678/7281)) from two viewchords are shown in Fig.
2(b) as a function of discharge time, and two helium line ra-
tios for electron temperature (R(7281/7065)) from the same
viewchords are shown in Fig. 2(c) as a function of discharge
time. There are nine helium pulses (correlated with those seen
in Fig. 2(a)) clearly seen in each of these subfigures. There are
12 chords of data spanning from well inside the last closed
flux surface (~42 cm) to near the ICRH antenna (~47 cm).

The ratio data are analyzed with two well-developed and
validated CRMs to determine the temperature and density
profiles. The two CRMs used in this paper are termed the
TEXTOR CRM and the hybrid CRM and are detailed in
Refs. 2 and 5, respectively. The TEXTOR CRM is rou-
tinely used for helium line-ratio data on TEXTOR. It uses
an equilibrium solution to the state populations to deter-
mine the temperature and density. The hybrid CRM is
a newly developed and validated code that uses updated
cross-section coefficients for the rate transitions and is ca-
pable of determining line-ratios with non-equilibrium state
transitions.

The HELIOS measurement using both CRMs is com-
pared with the TEXTOR Thomson scattering (TS) diagnos-
tic during a recent ICRH campaign. Figures 3 and 4 show
the profiles of electron temperature and density, respectively,
from this comparison. The TS data were taken around 2 s as
shown by the dashed line in Fig. 2(a), and the HELIOS data
shown use the two helium pulses at 1.8 s and 2.3 s shown in
Figs. 2(a) and 2(b). The data are sampled at 100 kHz. The pro-
file data from the HELIOS system is averaged over each pulse
for this comparison. The edge TS channels are shown in Figs.
3 and 4 with a spline fit was preformed to the whole TS pro-
file in an effort to show the trend of the data when comparing
to the HELIOS system. The error bars in the TEXTOR CRM
are based on the standard deviation of the ratios within each
pulse and are based on the variation in the line intensities for
the hybrid CRM, see Ref. 5 for details. In both Figs. 3 and 4,
the high spatial resolution of the HELIOS system (~1.4 mm
chord-to-chord) can be seen. The large error bars on the
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FIG. 3. Comparison of electron temperature profiles from TS and the
HELIOS system using both the TEXTOR CRM and the hybrid CRM.

HELIOS system seen at ~42.5 cm and ~43.5 cm are due to
noisy signals from the PMTs.

The hybrid CRM calculates the electron temperature
~50 eV higher than the TEXTOR CRM which compares bet-
ter to the TS data and spline fit, which can be explained by
use of time-dependence in the metastable triplet state in the
CRM.? Finally, there is a large discrepancy between the TS
spline fit in density Fig. 4 versus the edge TS data. This co-
incides with the point where both CRM models predict the
density profiles going from a flat profile to monotonically in-
crease profile which indicates a limiter location. There is a
possibility that D, recycling light could be contaminating the
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FIG. 4. Comparison of electron density profiles from TS and the HELIOS
system using both the TEXTOR CRM and the hybrid CRM.
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raw TS data and causing an artificially high signal in the edge
chords compared to the spline fit.!> Since the helium line ratio
method is not susceptible to this recycling light, both HELIOS
models are <20% of the TS spline fit when compared to the
profile across the whole minor radius.

IV. DISCUSSION

A new diagnostic system employing the helium line-ratio
method has been installed on TEXTOR. This system uses a
compact, portable, and easily expandable detection system
coupled to a CRM for determining the radial profiles of elec-
tron temperature and density at high spatial and temporal res-
olution. Good agreement between this measurement and a TS
measurement is found.

The system will be used during high power ICRH experi-
ments to characterize the edge plasma and thereby aid the un-
derstanding of coupling RF heating power to the bulk plasma,
as this coupling is highly dependent on the local electron pa-
rameters. Additionally, the fourth channel of each chord will
be equipped with a D, filter to determine the local neutral
density when the main ion species is deuterium. This infor-
mation is also important in determining the RF coupling to
the core plasma.
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