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A detailed description of the Langmuir probe system on MAST Upgrade is presented. The system features
850 tile embedded probes, and 40 bespoke electronic modules which each have the capability to drive and

acquire data from up to 16 probes in a time multiplexed manner.

The system provides spatio-temporal

resolved measurements (1 cm and ~1 ms respectively) in the divertor region of ion saturation current, electron
temperature and floating potential. The standard interpretation of current-voltage (I'V) characteristics is to
apply a 4 parameter fit, based on unmagnetized probe theory, which includes a linear model for the ion
saturation region. To mitigate the effect of the magnetic field, analysis is restricted to the region of the IV
characteristic that is sensitive to only the tail of the electron energy distribution function.

I. INTRODUCTION

MAST Upgrade was designed to explore the compar-
ative benefits of conventional and alternative configu-
rations, in particular the Super-X configuration® with
tightly baffled divertor chambers. The Langmuir probe
system on MAST-U, which features 850 tile embedded
probes, provides spatio-temporal resolved measurements
(1 cm and ~ 1 ms respectively) of important plasma pa-
rameters for assessing the divertor conditions; namely ion
density (n;), electron temperature (7, ), floating potential
(V) and tile heat flux (gitie). The main advantage of
Langmuir probe diagnostics compared to divertor Thom-
son scattering?, which provides accurate measurements
of electron density and T, is the relatively simple ex-
perimental setup which can be repeated for many probes
to give excellent spatial coverage around the device. In-
frared (IR) thermography is an inherently different tech-
nique that also provides spatio-temporal resolved mea-
surements of ¢ e, and so measurements from the two
diagnostics can be compared to corroborate results.

Standard Langmuir probe operation involves measur-
ing the current collected from the plasma as the electric
potential of the probe is varied. A probe theory is used
to extract plasma parameters from the current-voltage
(IV) characteristic. General probe theories for inter-
preting IV data from magnetized plasma are challenging
to develop because cross-field transport mechanisms and
their associated rates, which determine the probe distur-
bance length?* and return electrode collection area®, are
device dependent®. Common approaches for analysing
IV data from tokamaks”® and stellarators® are to ap-
ply an asymmetric double probe model® to the entire
IV characteristic, or use unmagnetized single probe the-
ory and restrict the upper voltage in the analysis to

a)The author to whom correspondence may be addressed: pe-
ter.ryan@ukaea.uk

V <V to avoid probe voltages that significantly per-
turb the bulk plasma'®!!. Non-saturation of the net
ion current region is included in the IV models via an
additional fitting parameter®!2, a self-consistent Child-
Langmuir sheath solution'® or parameterisation of simu-
lation results'#*®. The effective ion collection area of the
probe (A;) for calculating ion density is usually taken as
the projected area of the probe along the magnetic field
(Aprojected). The inferred T, and ion saturation current
density from an IV characteristic can vary by up to a
factor of ~ 2 depending on the analysis procedure and
plasma conditions”10:12:13,

The aim of this contribution is to give a comprehen-
sive overview of the MAST-U Langmuir probe system
in terms of hardware (section II), probe positions (sec-
tion IIT), probe designs (section IV), and the procedure
for generating and analysing IV characteristics (section
V) that was implemented during the first and second
MAST-U campaigns. In this article 7, is given in units
of electronvolts.

Il. HARDWARE

The Langmuir probe system consists of 850 tile em-
bedded probes and 40 bespoke electronic modules'6!”
which have the capability to drive and acquire data from
640 probes in each shot. A schematic of the system is
shown in figure 1. Each electronic module is comprised
of a power supply, an amplifier (£200 V, £3.5 A), and a
novel FPGA-based multiplexer which controls up to 16
probes via 16 output channels and records the IV data
at 1 Msps. The output voltage from the multiplexer is
with respect to the vessel (and tile) electric potential.
The patching of probes to multiplexer channels occurs
in the marshalling cubicles using BNC terminations on a
weekly basis during MAST-U scientific campaigns. The
choice of operational probes depends on the scheduled
experiments: there should be sufficient poloidal spatial
coverage to diagnose the divertor configuration'®, and
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FIG. 1. Schematic of the Langmuir probe system. There are
a total of 40 multiplexer units (2 are shown), each multiplexer
has 16 outputs (2 are shown), and there are a total of 850 in-
vessel Langmuir probes (4 are shown).

torodial spatial coverage can be requested with the same
or different multiplexer settings.

Multiplexer output voltage and channel sequence
waveforms are programmable between shots, and each
multiplexer can be programmed independently. For the
case of 16 active channels with a monotonic channel se-
quence waveform, the time between consecutive measure-
ments by a specific probe is 167y, where Ty is the time
period of the voltage waveform. There are two routine
modes of operation: I, mode and swept mode. In both
modes, the applied voltage is set to ~ 0 V before switch-
ing channels. This is to mitigate large current transients,
due to a sudden change in sheath resistance as the chan-
nel is switched, which could damage the amplifier. Ide-
ally the switching voltage would be at the floating po-
tential but these values cannot be predetermined before
the shot. The non-driven probes are electrically float-
ing. During each voltage waveform period, a multiplexer
can simultaneously measure V; from the 15 non-driven
probes at 1 Msps. This feature is not used by default to
limit data storage.

During I, mode, a DC voltage (typically < —150 V)
is applied to the probe to measure fluctuations of the ion
saturation current at 1 Msps. Example voltage, current
and channel sequence measurements by a multiplexer in
I}, mode are shown in figure 2. The voltage waveform
period is customised for each experiment (7 ranges from
10’s us to 100’s ms). The voltage and current slew rates
of the electronic module have been measured: ~ 110
V/us and ~ 0.94 A/us. Assuming a sinusoidal current
waveform with an amplitude of 500 mA, the maximum
I}, frequency that can be measured without slew rate
limitation is ~ 300 kHz.

Swept mode is used to generate IV characteristics
(typically from -140 V to +20 V) which are analysed

o
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FIG. 2. Example measurements from a multiplexer in I,
mode during a plasma current flattop phase.

to determine I},, V; and T.. Example waveforms are
shown in figure 3. The minimum voltage sweep period
for a symmetrical waveform is limited to Ty 2 60 us by
the ~ 65 kHz power bandwidth (-3 dB) of the amplifier.

The main advantages of the digital FPGA approach,
rather than analog electronics, is the excellent configura-
bility of the system as demonstrated above and the mov-
ing of complexity from hardware to software. The latter
results in fewer physical points of failure and makes it
easier to add new features after the system is deployed.
Time multiplexing the probes, rather than having an in-
dividual amplifier per probe, greatly reduces the cost,
space and peak power requirement of the system. This is
essential for operating a large scale system of 640 probes
per shot. Standard operation of a multiplexer applies
the output voltage to only one probe at any given time,
rather than a few probes in parallel, to mitigate the risk
of exceeding the maximum current rating of the ampli-

fier.

11l. PROBE POSITIONS

There are a total of 850 tile embedded Langmuir
probes installed in MAST-U with coverage of the cen-
tre column, divertor target and nose region; upper and
lower divertors; and two toroidal locations per probe set
(except for the centre column probes) which gives the
option of obtaining both swept data and I, fluctuation
data at the same position in the poloidal plane for a given
shot. Figure 4 shows the probe positions in the poloidal
plane and tile groups are labelled, and table I details the
toroidal distribution of the probes and the probe tip de-
sign (section IV). The nominal probe spacing is 1 cm in
the poloidal plane.

Each group of tiles covers an angular span of 27 ra-
dians around the torus. The tiles are identical within a
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FIG. 3. Example measurements from a multiplexer in swept
mode during a plasma current flattop phase.

group except for Th. Four different T5 tiles were pro-
duced (named A-D) which were shaped (surface-normal
unit vectors denoted by 7l,), based on SMARDDA
analysis'?, to compensate for the toroidal field ripple
(mode number 12) to ensure toroidally symmetric par-
ticle and heat fluxes on T5. For tile T5, effective tile
surface-normal unit vectors (i) were used in the anal-
ysis for tile related quantities (e.g. ¢itie) which are
toroidally symmetric and satisfy:

~ =t ~ R S
Nyite - Berrr = Ny, - Bsp, (1)

where B grr is the toroidally symmetric magnetic field
unit vector from the EFIT++ (Equilibrium Fitting)
code?® and Bsp is the magnetic field unit vector that
includes the toroidal field ripple.

The toroidal field ripple is also significant for T4, but
these tiles were not shaped to give toroidally symmetric
particle and heat fluxes. The Langmuir probes on T4
and T5 have the same toroidal locations (between T5A
and T5D), and measure the same phase of the toroidal
field ripple when comparing the two toroidal locations
(sectors 4 and 10). A detailed study into asymmetric
divertor fluxes due to the toroidal field ripple on MAST-
U is beyond the scope of this article.

IV. PROBE DESIGNS

There are six different designs of electrode installed in
MAST-U. Figures 5 and 6 show the designs and their po-
sition relative to the adjacent tiles; dimensions are given
in table II. The designs can be split into four groups
based on their position inside the tokamak: divertor tar-
get tiles (designs 1 and 2), nose tiles (designs 3 and 4),
centre column tiles (design 5) and baffle tiles (design 6).

Different probe designs were motivated by variations in
the expected heat flux and magnetic field incidence angle
for each group.

General design features include: (i) designs 1-5 are
non-flush with the adjacent tiles to reduce the impact of
sheath expansion?!, and hence make I'V data interpreta-
tion more straightforward; (ii) the probe expands in size
below the tile surface to increase the heat capacity of the
probe body; (iii) the probe material is pyrolytic graphite
for designs 1 and 2, and fine grain graphite for designs 3-
6. The divertor target tiles (designs 1 and 2) are expected
to receive the greatest heat flux. The pyrolytic graphite
has lamellae orientated along the (b) direction (defined
in figure 5) and parallel to the tile surface-normal vec-
tor to ensure good heat conduction across the probe and
through the probe to the mount for dissipation. (iv) The
surface Mprobe shadows the surfaces defined by red lines
in figure 5 (extend into the page) for designs 1,3 and 4, in
order to reduce heat flux and carbon outflux from these
side surfaces due to the finite radial component of the
magnetic field vector. Depending on the magnetic field
configuration of the tokamak, the particle flux vector in-
cident on designs 3 and 4 (nose tiles) can have either a
positive or negative radial component with respect to the
major radius axis and so bi-directional radial shadowing
of the probes is required; whereas the particle flux vec-
tor incident on design 1 (divertor target tiles) will always
have a positive radial component and so uni-directional
radial shadowing of the probes is sufficient.

Both designs 1 and 2 were installed on T5 at dif-
ferent sectors to investigate the dependence of ion
gyroradius/probe length scale (ry/l,) on the effec-
tive ion collection area of the probe, which satisfies
Aprojected SAi<Aphysicar- The assumption that charged
particles are collected over Aprojected, rather than the
physical area (Aphysicar), is valid in the limit r,/l, < 1.
The gyroradii of electrons and deuterium ions incident
on T2 with 5 eV of energy, in the plane perpendicular to
magnetic field, are rge = 0.008 mm and ry = 0.5 mm
respectively, assuming B = 0.9 T. The gyroradii of elec-
trons and deuterium ions incident on T5 with 5 eV of en-
ergy are rge = 0.030 mm and rg; = 1.8 mm respectively,
assuming B = 0.25 T. The ions incident on TH have a
gyroradius which is comparable to the probe dimensions
(several millimeters). The radial shadowing feature was
deemed non-essential for design 2 because tile heat flux
is expected to be significantly reduced on T5.

All probes, except design 3 (N1 tile), receive particle
flux from only a single toroidal direction. During conven-
tional and Super-X divertor operation, where the outer
strike point is on T2-T5, the collection area of the N1
probes is dominated by the surface defined by dimen-
sions (c) and (h) rather than surface i,,0pe; see figure
6(bottom). The inner leg Super-X configuration!'® with
the outer strike point on N1 would necessitate reversing
the helicity of the magnetic field to ensure that the inner
leg helicity matches the imbrication of the T2-T5 tiles. In
this scenario, the particle flux incident on the N1 probes
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FIG. 4. Langmuir probe locations are shown in blue. Tile
names are given: T2-T5 are target tiles; N1 and N2 are nose
tiles, B are baffle tiles; C5 and C6 are centre column tiles. For
illustration purpose a typical Super-X equilibrium is plotted
(shot 45456, 0.445 s).

would be from the opposite toroidal direction and so the
collection area would be determined by surface 7probe
instead.

The centre column probes have discrete tile penetra-
tions to reduce tile stress, rather than a tile embedded
cartridge containing multiple probes like the nose and
target probe sets. Design 5 has an ellipse shape to re-
duce sharp edges on the probe and the tile cutout, where
the incident field line angle on the centre column can be
< 1°. In addition, circular cut out holes were favorable
for construction.

The baffle probes, design 6, also have discrete tile pen-
etrations. These probes have a simple flush mounted cir-
cular design and monitor the ion flux to the baffle. The
baffle tiles were not designed to act as a strike point tar-
get and so these probes are not expected to be used for
detailed physics investigations.

The projected area of the probe along the magnetic
field gives the lower bound for the effective collection area
for both ions and electrons. As shown in figure 6, a por-
tion of the recessed probe face is shadowed by the tile.
The physical surface area of the unshadowed region is
denoted by Aunshadowed- LThe projected area is:

Tile(s) | Sector | Divertor(s) | Design | # per set
T2-T4| 4 L&U 1 101
T2-T4] 10 L&U 1 101
T5 4 L 2 49
TS 4 U 1 49
T5 10 L 1 49
T5 10 U 2 49
N1 3 L&U 3 39
N1 9 L&U 3 39
N2 3 L&U 4 8
N2 9 L&U 4 8
C5,C6| 4 L&U 5 17
B 4 L&U 6 7
B 10 L&U 6 7

TABLE I. Toroidal sector and upper(U)/lower(L) locations
of the Langmuir probes. The MAST-U torus is split into 12
sectors. The probe designs are explained in section IV. # per
set gives the number of probes per upper or lower divertor.

Tile (ii)
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FIG. 5. The six probe designs. Each probe was rotated so
that its surface-normal vector is perpendicular to the plane of
the page. The major radius and toroidal axes were projected
onto the plane of the page. Viewing the lower divertor from
above. Dimensions are given in table II.

Aprojected = Aunshadowed|ﬁprobe . BEFIT|7 (2)

where fiprope is the surface-normal unit vector of the
probe.
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FIG. 6. Probe position relative to the tile. The Centre Col-
umn axis lies within the CC plane. Only probe 3 (N1 tile),
shown at the bottom, is designed to handle particle flux from
either toroidal direction. Tiles (i) and (ii) are consistent with
the orientation shown in figure 5. Dimensions are given in
table II.
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Design | a b |c
1 (PG) [5.08(3.34|2
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5.01/3.60(2

1
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0 -
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TABLE II. Langmuir probe dimensions and probe material
(PG=Pyrolytic Graphite and FGG=Fine Grain Graphite).
Units are given in millimeters unless stated. *0.781° is for T5
tile only. Dimension (h) is only relevant, in terms of calculat-
ing the probe collection area, for design 3.

|[RG62 RG179
Impedance Z () 93 75
Inductance L (xH/m) | 0.411 0.360
Capacitance C' (pF/m)| 47.6  64.0
Length (m) 19 18

TABLE III. Properties of RG62 and RG179 cables.

V. DATA ANALYSIS

This section details the data analysis for calculating
plasma parameters from multiplexer data collected dur-
ing swept mode. There are four sections: V A explains
how IV characteristics were generated from current and
voltage waveforms, V B discusses the IV model and the
fitting details, V C gives the formulae for plasma param-
eters, and V D lists additional assumptions.

A. Generating IV characteristics
1. Cable capacitance, inductance and resistance

During the first and second MAST-U campaigns, the
minimum time to sweep from the maximum to the min-
imum voltage was > 22 ps. Within this period the cur-
rent and voltage measurements need to resolve the shape
of the I'V characteristic. The required frequency reso-
lution is estimated to be an order of magnitude greater
than the corresponding frequency for this time interval:
f ~ 450 kHz which is below the Nyquist frequency (500
kHz) of the system. The transition region of the IV
characteristic (Vy SV < Vpiasma, Where Viyjgema is the
electric potential of the bulk plasma) has the greatest
dI/dV, and hence the greatest dI/dt if dV /dt is con-
stant. Figure 7(top) shows a typical voltage waveform.
In the region -20 V to 420 V, dV/d¢ was reduced to
both improve the voltage resolution of the transition re-
gion (determined empirically) and reduce the maximum
dI/dt requirement.

Two types of radio frequency cable were used for the
Langmuir probe system: (i) RG62 from the multiplexers
to the marshalling cubicles; (ii) RG179 from the mar-
shalling cubicles to the in-vessel probes. The cable prop-
erties are summarized in table III. The wavelength of a

—— All background
—— Mean

Voltage (V)

Current (A)

0 10 20 30 40 50 60
Time waveform (us)

FIG. 7. Example of background waveforms from a single mul-
tiplexer channel acquired during —0.06 < ¢[s]< —0.01 (no
plasma). A total of 56 waveforms are plotted. Top shows
the voltage waveform output from the multiplexer and bot-
tom shows the measured current. The left and right voltage
sweep periods are highlighted by shading.

signal of frequency f propagating inside a transmission
line:

1
N ey @

where C is the capacitance per unit length and L is the
inductance per unit length. The wavelength of a 450 kHz
signal in the RG62 and RG179 cables is 502 m and 463 m
respectively, which is much longer than the cable lengths.
Therefore, transmission line effects can be ignored and
the capacitance and inductance from the cables can be
modelled as lumped components. Using the data in ta-
ble III, the effective capacitance and inductance due to
the cabling is Cpqr ~ 2.1 nF and Ly, ~ 14.3 pH respec-
tively. Maximum dV'/dt is of the order of 20 V/us, which
gives an expected displacement current Cp,,dV/dt ~ 42
mA based on cabling alone. Direct measurements of the
displacement current are a factor of ~ 5 greater as shown
in figure 7(bottom); the experimentally determined par-
asitic capacitance is Cpqr ~ 10 nF. Additional sources
of capacitance include the multiplexer and amplifier sys-
tem, the capacitance between the cable core and vacuum
vessel feedthrough flange, and the capacitance between
the probe and tile. The maximum dI/dt measured is of
the order of 0.1 A/us, which gives an expected voltage
drop across the parasitic inductor Ly,,.dI/dt ~ 1.43 V
based on cabling alone.

The resistance between the core and shield of the coax-
ial cable from the multiplexer to the vessel port and back
is typically Rpqr ~ 12 Q. This provides an estimate of
the parasitic resistance in the probe circuit. The volt-
age drop across the parasitic inductor and resistor re-
sults in overestimation of the IV characteristic width in
the transition region, and hence electron temperature is
overestimated. The mitigation of this effect is discussed
in section V A 3.
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FIG. 8. Mean background current data from figure 7 plotted
as a function of the rate of change of mean voltage. For
comparison Cpe,dV/dt with Cper = 10 nF is shown, but the
measured data deviates from a linear relationship.

2. Removing displacement current

The current measured by the multiplexer (I3/) has two
contributions:

IM - Ip + Ida (4)

where I, is the conduction current from the plasma, and
1, is a displacement current which arises due to parasitic
capacitance in the circuit and the fast voltage sweep rate
(dV/dt <20 V/us).

The current measured before the shot (¢ < 0 s), when
there is no plasma, is purely displacement current; this
is referred to as the background current. Figure 7 shows
the voltage and background current waveforms for a sin-
gle multiplexer channel between —0.06 < t[s]< —0.01.
The multiplexer was programmed to output a symmet-
ric voltage waveform. The previous approach on MAST
was to assume constant Cp,, and a displacement cur-
rent of the form Cp,,dV/dt. The current measurements
from symmetric left and right voltage sweeps were av-
eraged to remove the displacement current contribution.
This was not implement on MAST-U data, however, due
to the non-linear relationship between the background
current and dV/dt, as shown in figure 8. Instead the
mean background current for each channel, shown in fig-
ure 7(bottom) for one channel, was subtracted from all
current waveforms to remove the displacement current
contribution.

3. Averaging left and right symmetric sweeps

The error on the conduction current measurement has
the following contributions: hardware noise, displace-
ment current subtraction noise and plasma fluctuations
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FIG. 9. Top shows background IV data after the mean back-
ground current was subtracted, and left and right sweeps were
averaged. Bottom shows the corresponding standard devia-
tion. Data are from figure 7.

over the voltage sweep period. The left and right sweep
measurements of voltage (V,Vg) and current (Ir,Ig)
were averaged to improve the signal to noise ratio by
reducing random noise. Only data within the region be-
tween the two voltage maxima was analysed (e.g. the
shaded regions between 8 < t[us]< 52 in figure 7).

Figure 9(top) shows current measurements from
—0.06 < ¢[s]< —0.01 (no plasma) after the mean back-
ground current subtraction and subsequent averaging of
the current and voltage data from the symmetric left and
right voltage sweeps. Figure 9(bottom) shows the corre-
sponding standard deviation; this is referred to as back-
ground noise, and it has contributions from hardware
noise and displacement current subtraction noise. As ex-
pected the mean conduction current is ~ 0 A, and the low
standard deviation values (< 0.013 A) demonstrate that
the background current is highly reproducible. This jus-
tifies the subtraction approach outlined in section V A 2
for removing the displacement current contribution.

The averaging procedure also reduces the effect of the
parasitic inductance as explained below. The output
voltage from the multiplexer (V) is distributed across
three components:

dl
Vu = V:z)robe + LpariM + RparIMa

It ()

where Vprope is the electric potential of the probe tip
which needs to be determined in order to generate an
IV characteristic. The mean of the multiplexer output
voltages is:
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where mebe is the mean electric potential of the probe
tip and I; is the mean current measured by the multi-
plexer.

An approximate equation for the mean voltage applied
to the probe tip is:
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f/probe ~ VM - Rpaija (7)

where I, is the mean conduction current. In order to
obtain a simple expression, it was assumed that there is
no hysteresis in the I; measurement (despite figure 8) and
the non-linear dependence of I, as a function of Vjope
was neglected. Consequently the dIps/dt terms cancel in
equation 6 and I ~ fp.

An estimate of the error on using equation 7 to calcu-
late the mean probe voltage, due to the hysteresis in the
I; measurement, during the background period (when
I, = 0) can be estimated using calculated values from fig-
ure 7: (i) assuming L., = 6.5 uH and a maximum error
term of the order of oy =(dIy(Vy)/dt+dIy(Vg)/dt)/2~
0.05 Aus™! gives an error contribution of L0, = 0.325
V; (ii) assuming R,q, = 12 Q and a maximum error term
of the order of o = (Iq(VL) + 14(VR))/2 ~ 0.05 A gives
an error contribution of R,,-0r = 0.6 V. The total error
of 0.925 V is insignificant compared to the total voltage
sweep of the probe (160 V in this example).

The greatest dI,/dt is during the transition region of
the IV characteristic which is dominated by electron cur-
rent. Assuming a Boltzmann factor for the electron cur-
rent, the mean conduction current in this region is:

_ 1
I, = §(IL + IR)
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FIG. 10. Modelled mean electron current as a function of
mean probe voltage. True refers to variables calculated nu-
merically using equations 6 and 8; conditions were set to
It,=1A T.=1¢V, V; =0V, maximum I, = 3 A, maxi-
mum d/,/dt=0.5 A/us from a linear voltage ramp, Rpqr = 12
Q, Lpar = 6.5 pH, I4 =0 A. Two example curves from equa-
tion 10 are shown: T, = 1 eV, It, =1 A, V; = 0V has
good agreement with the True data set; whereas T, = 0.8
eV, It, = 1.08 A, V; = 0 V has better agreement in the
0< \_/Enmbe (V)< 0.75 region with the data set that used equa-
tion 7 to calculate the mean probe voltage.

Vorobe = _p,-obe to first order gives:
exp (W) = exp (W)
C - (9)
X |:1 + ?(Vprobe - Vprobe) + :| .

Substituting equation 9 into equation 8:

H I::l V robe — Vf
I, = 5 Lexp (p T,
x |2+ ! v, +V, 2V,
Te probe V=V probe V=V probe

Virove — V,
—Jt Yprobe — Vf
fosp B ).

(10)

To first order the mean electron current measured by the
multiplexer is equal to the electron current collected by
the probe when it is at electric potential I_/pmbe. Including
higher order terms would increase I, and the absolute
error becomes more significant as dI,/d¢ increases. For
extreme conditions on MAST-U (described in the caption
of figure 10), equations 6 and 8 were solved numerically to
determine I, as a function of Vj,ope (the true variables),
and this had excellent agreement with the result from
equation 10 (see blue dots and red solid line in figure 10);
this justifies the approximation used in equation 9. The
impact of neglecting the non-linear dependence of I, in
the calculation of the mean probe voltage was assessed by
plotting true I, as a function of the approximate Vjope
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FIG. 11. Example IV characteristic from a divertor target
probe (design 1) with the 4 parameter fit applied. The voltage
waveform period was 61 us. Fitting parameters: T. = 8.6+1.5
eV, V; =584+06V, I, =45+7 mA, o = 0.069 & 0.086

mA/V, x*/ndf = 0.91. The upper cut off voltage (Vey:) was
defined by equation 12 with g = 1.3.

from equation 7; T, can be underestimated by up to 20%
depending on the analysis region (see orange stars and
black dashed line in figure 10).

The error (o) associated with I, was taken as the pop-
ulation standard deviation of the two current measure-
ments per voltage from the left and right sweeps. This
error is dominated by the effect of changing plasma con-
ditions during the voltage sweep. The minimum fp error
for each voltage was set to the background noise.

B. Interpretation of IV data

A model is fit to the experimental IV data (I, as a
function of mebe) to extract plasma parameters. The
standard model applied to MAST-U data during the first
and second campaigns was a 4-parameter fit'2, which was
developed for unmagnetized conditions and takes into ac-
count non-saturation of the net ion current region due to
sheath expansion:

I, [exp<v;:’f> - 1} if Vi <V < Vilasma

Iy =

It, [exp<V;Vf) - 1} —a(Vy = V)ifV <V

(11)
where « is the ion current per volt due to sheath ex-
pansion and the probe voltage must satisfy V' < Viiasmas
where Vj,1qsmq is the electric potential of the bulk plasma.
The four fitting parameters are I ,, T., V; and a.. An ex-
ample IV characteristic with the fit applied is shown in
figure 11. Several assumptions must be satisfied for the
model to be applicable for analysing IV data from mag-

netized conditions:

1. The ion saturation current is the ion current col-
lected by the probe when the probe is biased V; <
V' < Vpiasma- The model assumes that sheath ex-
pansion is negligible for these probe voltages.

2. The collection area of the probe for each charged
species to first order depends on r,/l,. As the
probe voltage is swept (V' < Vpigsma) different re-
gions of the electron energy distribution function
(EEDF) are sampled and so the mean gyro-radius
for the collected electrons is a function of voltage.
For electron energies 1 eV to 50 eV the gyroradius
is 0.01 to 0.10 mm assuming B = 0.25 T on T5.
Therefore the strong magnetic field limit is satis-
fied (r4/l, < 1) and so the electron collection area
can be assumed constant and equal to the projected
area (Ae = Aprojected). Since the electric field in
the probe sheath repels electrons, the increased sur-
face area of the sheath for V < Vpigsmae does not
increase the magnitude of the electron current col-
lected.

3. The return electrode in the circuit must have
a sufficiently large collection area to prevent it
from limiting the current collected by the probe®.
The collection area of the return electrode is dif-
ficult to model without simulation or dedicated
experiments?? since it depends on parallel and
cross-field transport rates. This assumption is more
likely to be satisfied when the magnitude of the cur-
rent collected by the probe is reduced and so this
favours smaller probe sizes and restricting analysis
to the region V' < Vii46ma-

4. The bulk plasma region adjacent to the probe
sheath must not be perturbed when the probe volt-
age is swept. Probe experiments in tokamaks'®!!
have shown that a Langmuir probe is least perturb-
ing when the probe voltage satisfies V' < Vy. This
region of the characteristic samples the high energy
tail of the EEDF, and this group of electrons have
a greater cross-field transport rate for repopulat-
ing drained flux tubes compared to the bulk of the
distribution.

5. The standard approach for evaluating Vpasma is
to locate the inflection point on the IV charac-
teristic (e.g. zero crossing point of d2I/dV?). In
magnetized plasmas, however, the I'V characteris-
tic can be significantly distorted for V' > V; (see
points 3 and 4 above in section V B) resulting in no
clear inflection point or the inflection point loca-
tion is no longer representative of Vyjgsmq. There-
fore, Vpiasme Was not evaluated directly from the
IV characteristic. Equation 11 was fit to the IV
data in the region V<V, where V,,; is the up-
per cut-off voltage which is defined by equation 12.
Note that V.,: is independent of Vjpjqsme and it is
assumed Veyr < Vprasma-

The above considerations necessitate applying the fit to
the region V' < V; on the IV characteristic. In practice,
however, a subset of the data from the region V' > V}
must be included in the fit to ensure a satisfactory elec-
tron current to noise ratio to determine T, especially



when using short voltage sweep periods (< 100 pus) which
can limit the voltage resolution of the I'V characteristic.
The upper cut-off voltage was set to the first experimen-
tal data point that satisfies:

I(V = Vo) 2 BII(V <V =30 V). (12)

where Vpiasma > Veur 2 Vi, 8 2 0 is a constant which is
specified as an input parameter in the analysis code, and
[(I(V < V;—30 V))| is an estimate of I, by calculating
the mean of the measured current in the region V <
V¢ —30 V. The default value of 3 = 1.3 was chosen to

satisfy the following arbitrary expression:

Ve =Vy _ I(B+1) _ o (13)
Vplasma - Vf ln(I;zt/I;zt) 7

where expressions for the ion (I ,) and electron (I,,)
saturation currents are given by equations 18 and 29 re-
spectively, and see section V D for assumptions regarding
parameters in these expressions. The value 8 = 1.3 re-
sults in a minimum kinetic energy of Vpiasma — Veur =
2.5T, for an electron to be collected by the probe when
it is biased at V' = Vs, assuming no energy loss mecha-
nisms in the probe sheath. This corresponds to ~ 2.5% of
the electrons that travel into the probe sheath being col-
lected by the probe (100% collected when V' = Viiqsma),
assuming a 3D Maxwellian velocity distribution and the
collection depends only on the velocity component that
is anti-parallel to the M ope direction. The electron tem-
perature measurement is therefore sensitive to only the
tail of the EEDF, and so the measurement would not be
representative of the overall distribution in the case of a
non-Maxwellian EEDF. Stangeby?? has shown that for
a bi-Maxwellian EEDF and analysing only V' < V;, a
Langmuir probe measurement will yield the temperature
corresponding to the hot population unless its relative
density is extremely small. Langmuir probes, therefore,
tend to overestimate T, in magnetized plasmas”23.

Curve fitting was implemented by minimising the fol-
lowing function:

o n (I (Ve) = 1(V2))*
D ALE

%

(14)

where N is the number of experimental data points in-
cluded in the IV fit. Errors associated with fitting pa-
rameters were given by the diagonal elements of the co-
variance matrix. Assuming that the model equation is
correct, x2/number of degrees of freedom=1 (x?/ndf=1)
needs to be satisfied to ensure that the fitting parame-
ter errors are scaled correctly. Figure 12 shows a his-
togram of x?/ndf which contains data from 56583 IV
characteristics. In this example 65% of the fits satisfy
x?/ndf< 1. Fitting parameters errors are overestimated
when x?/ndf< 1, and so the majority of errors were con-
servative.
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FIG. 12. Histogram of x?/number of degrees of freedom (ndf)
after applying the 4 parameter fit. The plot was generated
using 56583 IV characteristics from shot 46201. The mode
and mean of the distribution are ~ 0.6 and 0.96 respectively.

Figure 13 shows example I}, T., V; and q| i (dis-
cussed in section V C3) profiles for a conventional di-
vertor configuration in L-mode on MAST-U. The strike
point position was held approximately constant during
the measurement period (50 ms), and each probe took
several measurements within this period. Cross-field
transport of particles and energy from the midplane to
the divertor causes non-exponential profiles of I}, T.
and q, 4. at the divertor target24. The large scatter in
the T, and V; data at R < 0.82 m is due to the probe
measuring a small current relative to the noise level: (i)
the exponential function (determines T, and Vy), from
equation 11, that is fit to the IV characteristic is highly
sensitive to noise in the transition region; (ii) only a sub-
set of the data in the transition region was included in
the fit (determined by V.,:) which exacerbates the noise
problem.

C. Calculating Plasma Parameters

This section explains how several additional parame-
ters including total ion current to tiles, plasma density
and heat flux are calculated from fitting parameters.

1. Total lon Current

The ion current density on a surface with its surface-
normal vector parallel to the magnetic field is:
I+

s = =2, (15)

where A; is the effective collection area of the probe for
ions. The ion current density on the tiles is:

e = jﬁertue -Bprir), (16)

where 7. is the tile surface-normal unit vector and
Vptasma > 0 V is assumed. The total ion current on the
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FIG. 13. Example ion saturation current (I,), electron tem-

perature (7.), floating potential (V) and tile heat flux (g ¢ize)
profiles at the outer divertor target (sector 4 lower) for a con-
ventional magnetic equilibrium in L-mode. The data was ac-
quired during the interval 0.25 < ¢[s]< 0.3 from shot 46201.
Measurements from the Langmuir probe system are shown by
black circles and the mean is shown by red triangles. Note
that there are two dead probe channels at R ~ 0.82,0.91 m.
The mean of the ¢, t;ic measurements from IR thermography
is shown by a blue line with the shaded region representing
the range.
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FIG. 14. Total ion current to the outer divertor target (sector
4 upper) as a function of core plasma density. Data from shots
45468, 45469, 45470 and 45473: ohmic heating only, plasma
current 600 kA, double null, conventional divertor, L-mode.

tiles is calculated by integrating the jj__tile profile around
the torus:

ItJ(r)tal = ZQﬂ-RjitileAS’ (17)

where As is the poloidal distance between adjacent
probes in the profile and R is major radius. Note that
the integration should exclude the area on the tiles that
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is shadowed by the toroidal inclination. This can be cal-
culated experimentally (e.g. IR thermography analysis)
or modelled using B grir- Figure 14 shows an exam-
ple rollover plot for a conventional divertor configuration
on MAST-U: I;gtal as a function of the core line average
plasma density. The transition from increasing ion target
flux to decreasing is an indicator of detachment onset°.

2. Plasma density

An expression for the ion saturation current:

It, = Aieniexp<_;pre>cs7 (18)

e

where n; is the bulk plasma density; ¢, is the ion sound
speed:

1/2
ele(1+voe
Cs = ( 6( e T)> 9 (19)

m;
where ¢ is the ion adiabatic index, e = T;/T¢; T; is ion
temperature and €y, is the electric potential difference
across the presheath:

m;c? erTy
re &3 S — . 20
617 26 2 ( )

The plasma density is calculated by rearranging equa-
tion 18:

I €pre
e . 21
ni = rooexp( (21)
3. Heat Flux

There are three heat fluxes to consider: the heat flux
received by the probe (gprobe), the heat flux received by
the tile (g, tite), and the heat flux received by an imagi-
nary surface that has its surface-normal vector parallel to
the magnetic field (¢ ). The latter is useful for compar-
ing heat flux profiles when the magnetic field incidence
angle on the tile varies, and for comparing heat flux de-
cay lengths from the midplane and divertor target. The
three equations are given below:

q|B = (VTe + Epot)jﬁr37 (22)
Gdprobe = qHB‘ﬂprobe ' BEFIT|7 (23)

q1tite = @ B|Pwite - Berir| = (VTe + Epot)j Trires  (24)



where E,, is the potential energy released per incident
ion, and « is the sheath energy transmission coefficient
which can be interpreted as the effective kinetic and ther-
mal energy transferred to the surface, in units of T,, per
incident ion.

The v term has electron (7.) and ion (7;) components:

Y=Y+ Ve (25)

The ion contribution is given by the sum of thermal
energy and the kinetic energy gain from the electric po-
tential difference from the bulk plasma to the surface?®:

Yi = (2Te€T + V})lasma - Vtile)(l - RiE)/T67 (26)

where R;p is the ion kinetic energy reflection coefficient.
The potential difference across the sheath region can be
split into two components:

Vplasma - V;file - (Vg-)lasma - Vf) - (Wile - Vf) (27)

Equation 11 in the interval V; < V < Vpjasma can be
rewritten as:

V - ‘/plasma> _ I;;lt, (28)

I:IS_atexp< T

where I_,, is the electron saturation current:

t
sa 4 M

_ 1/2
- - en; A, <8€Te> . (29)

Substituting V' = V; into equation 28 and rearranging
gives the potential difference across the sheath region
when the surface is floating;:

Isa
Vitasma — Vi = Teln(l+t>. (30)

sat

Equation 30 allows calculation of Vpqsma, and the equa-
tion can be directly substituted into equation 27.

Each electron incident on the surface contributes 27,
of thermal energy?®:

24; ile —
o= 2t e (V=) (31)

The exponential term accounts for the change in the col-
lected electron current, from I ,, when the surface is
biased V#Vy.

The potential energy term has components from
electron-ion recombination (xe;) and atom-atom recom-
bination (Xaa):

Epot = Xei T Xaa- (32)
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It is assumed that all deuterium ions recombine with
electrons at the surface:

Xei = 13.6 V. (33)

The Frank-Condon dissociation energy per atom for
the molecule Dy is 2.25 eV. A fraction R;y of ions are
reflected from the surface as neutrals before atom-atom
recombination occurs. Therefore:

Xaa = 225(]— - RzN) eV. (34)

Tons have normal-incidence on the probe surface after
passing through the Debye sheath. Ion energy and par-
ticle reflection coefficients for deuterium ions incident on
a carbon target are given by Eckstein2®:

0.05142¢0-2714
Rip= —— (35)
1+ 0.2668¢1 316

0.1526¢-0-2304
Riy = ——2¢ (36)
1+ 0.2113c1257

where
€= (2T€6T + ‘/plasma - ‘/tzle)/446507 X 102 (37)

The model used to calculate heat flux by Langmuir
probes was validated by comparing ¢, ;. measurements
with an independent diagnostic, IR thermography; see
the bottom plot in figure 13. There is good agreement in
terms of profile shape and magnitude. A detailed com-
parison study is planned to assess the agreement in a va-
riety of plasma conditions (e.g. ohmic and beam heated,
vary the detachment state of divertor, vary the divertor
configuration) during power balance experiments.

D. Additional assumptions

The following assumptions are used by default in the
analysis code:

1. Equation 31 assumes that the plasma potential sat-
isfies Vplasma 2 Viie =0 V.

2. An isothermal flow of ions in the probe sheath:
Yo =1

3. The ion mass was taken as the mass of a deuterium
ion (m; = 3.345 x 10727 kg). An effective ion mass
could be used in the probe analysis if another diag-
nostic (e.g. spectroscopy) determined the relative
abundance of ions.

4. The ion temperature is equal to the electron tem-
perature (er = 1). Retarding field analyser (RFA)
measurements are planned for future MAST-U



campaigns to directly measure T; in the diver-
tor. Previous RFA measurements in the MAST
divertor?” were consistent with ez < 1 in L-mode
plasmas, and er 2 1 in both H-mode and addition-
ally heated L-mode plasmas.

5. The effective collection areas for ions and elec-
trons are both equal to the projected probe area
along the magnetic field (A; = Ac = Aprojected)-
This assumption will be explored in future work by
comparing results from probe designs 1 and 2 on
tile TH (see section IV) in attached divertor con-
ditions. Electron temperature measurements from
the probes, which determine rg. and ry (assum-
ing er is known), are expected to be reliable in the

attached regime®.

6. Secondary electron emission from the probe, due to
incident ions and electrons, is neglected. Secondary
electron emission yield is important for T, > 30 eV,
but ion induced yields are insignificant for typical
ion energies (of the order of 100 eV after accelera-
tion in the probe sheath) at the target®?28.

VI. SUMMARY

The Langmuir probe system on MAST-U features 850
probes which provide coverage of the centre column, di-
vertor target and nose region; upper and lower divertors;
and two toroidal locations per probe set. There are 40
bespoke electronic modules which have the total capa-
bility to drive and acquire data from 640 probes in each
shot. There are two modes of operation: swept mode to
acquire full IV characteristics for measurements of elec-
tron temperature, floating potential and ion saturation
current (I},); and I}, mode to acquire ion current fluc-
tuation statistics. The typical spatial and temporal reso-
lutions of profiles are 1 cm in the poloidal plane and ~ 1
ms. The default model to interpret the current-voltage
characteristics is a four parameter fit which contains a
linear model for the ion saturation region. To mitigate
the effect of the magnetic field, analysis is restricted to
the region of the I'V characteristic that is sensitive to
only the tail of the electron energy distribution function.
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