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ABSTRACT

The design, development, and successful implementation of pop-up Langmuir probes installed in the water-cooled divertor of W7-X are
described. The probes are controlled by drive coils (actuators) installed behind the divertor plates. These drive coils make use of the magnetic
field in W7-X to move the probe tips into and out of the plasma. The drive coils were installed in the vacuum vessel after extensively testing
the durability of the coils and analyzing the criteria for safe operation. The probe design is carefully tailored for each of the 36 probe tips in
order to be suitable for the different magnetic field configurations used in W7-X and ensure that the probes do not present leading edges to the
magnetic flux tubes. An electronic bridge circuit is used for measurement to compensate for the effects of signal propagation time on the long
cable lengths used. The diagnostic is integrated with the segment control of W7-X for automated operation and control of the diagnostic. The
evaluation of the results from the plasma operation is presented after accounting for appropriate sheath expansion for negative bias voltage
on the probes.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188738
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I. INTRODUCTION

The Wendelstein 7-X stellarator’ has been upgraded with
new water-cooled divertors to facilitate extended pulse operations.
These operations are dependent on the conditions in a divertor
plasma, emphasizing the importance of accurately measuring the
local plasma parameters. For this purpose, a Langmuir probe diag-
nostic, which is one of the widely used diagnostics for local plasma
measurements,” ' is installed in the upgraded divertors in W7-X.
Langmuir probes are cost-effective and reliable plasma diagnos-
tics for local measurements of plasma parameters, such as electron
temperature, plasma density, floating potential, and the ion flux
impacting the divertor.”” Due to specific considerations outlined in
this paper, Wendelstein 7-X' is equipped with a new set of pop-
up divertor Langmuir probes for Operation Phase (OP) 2. In the
previous operation phase (OP 1.2) of W7-X, test divertor units

(TDUs) made of fine grain graphite were used,’ which had almost
flush mounted graphite Langmuir probes.”” In OP 2, new High
Heat Flux (HHF) divertors, with the same shape and size as the
TDUs, are installed in W7-X,” as the device is being prepared to
run longer discharges with higher heating power as compared to the
previous OP. The divertors must also be prepared to handle high
heat fluxes for extended intervals of time, and therefore, the TDUs
are replaced with the water-cooled carbon fiber-reinforced carbon
(CFC) divertors.”"” As it would have been impractical to actively
cool the probe tips, the probes would not be able to withstand the
expected plasma power loads for the full discharge duration. It was
therefore planned to drive the probes into and out of the plasma
during the discharge.

The reciprocation of the probes is done using actuators
installed behind the divertors. Two probes are operated by each
actuator. Rather than having a single pneumatically controlled recip-
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rocation mechanism for a larger number of probes, as usually
employed for fast reciprocating probes in fusion experiments,'' "
multiple drive coils are used. This facilitates keeping the probes in
the same position relative to the target surface despite of thermal
deformation of the target plates. The target surface in W7-X, ranging
from the innermost (inboard) to the outermost (outboard) probes,
is not uniformly flat. It is crucial that the insertion and retraction
paths of the probes remain clear of the edges of the holes where they
are installed. When probes in a divertor are linked to a single actu-
ator, their positions and orientations must be carefully designed to
ensure this unobstructed path. Consequently, the trajectories of dif-
ferent probes may slightly diverge in angle. Minor distortions in the
target could create blockages in a probe’s path, an issue that becomes
more pronounced when multiple probes are connected to one actu-
ator. Such obstructions not only hinder the affected probe but can
also complicate the operation of the others. While this risk is present
even with two probes per actuator, it escalates significantly with a
higher number of probes per actuator. The present design also gives
an advantage of controlling each pair of probes independent of the
other probes so that in case of an accidental event leading to an
incomplete retraction of one of the probes, other drive coils remain
unaffected.

The flush mounted TDU Langmuir probes used in the previous
OP had a faceted design such that the angle of incidence of a mag-
netic field on the probe tip surface was ~3° — 6° for the magnetic
field configurations used. At such small angles, the interpretation of
the Langmuir probe data is difficult because of the non-saturation of
ion current”*'*"'* and modifications of the sheath structure above
the probes.'”'® The newly designed pop-up Langmuir probes have
a greater magnetic field incidence angle (>24°)at their tips, which
mitigates issues related to altered ion flux at lower angles.'"'""”
These probes are exposed to plasmas for a brief duration, leading
to a lower temperature increase compared to continuously exposed

Plasma contour
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flush-mounted probes. Despite receiving higher heat flux due to the
larger angle, their short exposure duration allows for sufficient cool-
ing. However, this increased heat flux necessitates careful selection
of probe materials and limits the duration of plasma exposure. In
the present context, a probe tip with a greater angle of the magnetic
field incidence also presents a larger projected area to the magnetic
field. However, given that the probe tips are small, even though their
incidence angle exceeds that of flush-mounted probes, the increase
in projected area is not substantial enough to significantly elongate
the ion collection length. According to the estimate given in Ref. 20,
for a probe of 1 mm thickness, the ion collection length would be on
the order of ~1 m.

The pop-up probe concept previously used in JET?' and Alca-
tor C-mod™” is therefore adopted due to all the considerations
mentioned above. This paper is structured as follows: Sec. II details
the configuration of the discontinuous divertor modules in W7-X
and the positioning of probes in the divertor. Section III describes
the design principles of the actuators used in the diagnostic system.
Section IV provides an overview of the criteria for selecting probe
materials, with Sec. V addressing the potential risks associated with
using high-Z materials. The rationale and limitations in determining
the probe dimensions are discussed in Sec. V1. Comprehensive test-
ing of the probe and actuator assembly for qualification purposes
is covered in Sec. VII. As Secs. II and III illustrate the necessity of
running a current through the actuator, Sec. VIII presents a thor-
ough calculation of this current. The operations of the actuators
and probes are explored in Secs. IX and X, respectively. Section XI
focuses on the diagnostic performance during plasma experiments at
W7-X. Section XII introduces a method for calculating the probe’s
effective area exposed to magnetic flux tubes in a plasma envi-
ronment, along with the analysis of the resulting data. This paper
concludes with a summary in Sec. XIII. An in-depth account of the
probe dimension calculations is provided in the Appendix.

Lower divertor units

FIG. 1. CAD model of the ten divertor locations and the last closed flux surface. The five modules of W7-X have been labeled from M1 to M5. The toroidal angle ¢ = 0 has

been marked for reference.
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Il. W7-X HHF DIVERTOR

Magnetic field configurations used in W7-X have a low shear
and a rational rotational transform value at the edge creating sta-
ble edge magnetic islands. These islands act as natural sections of
the plasma that intersect with the divertor plates. W7-X has five
toroidal modules (Fig. 1) with non-planar and planar coils to gener-
ate the required magnetic field with a desired rotational transform.
The five modules have been designed to have identical magnetic sur-
faces, and therefore, W7-X exhibits five-fold toroidal symmetry. The
divertor in W7-X has ten separate “divertor units” (DUs), as shown
in Fig. 1, consisting of vertical and horizontal targets. Each of the
five toroidal modules of W7-X has an upper and a lower DU. Each
horizontal divertor is divided into nine Target Modules (TMs) from
TM1h to TMOh. Each target module has several target-elements
(TEs) or divertor fingers. In this paper, we focus on one specific
toroidal module—module 5, as shown in Fig. 2, where the Langmuir
probe system is installed in the upper and lower horizontal divertor
units. Only the divertor units in this particular module have Lang-
muir probes (LPs), and thus, this paper solely references the upper
horizontal divertors (UDs) and lower horizontal divertors (LDs) of
module 5. The plasma-facing surfaces of W7-X are categorized based
on the heat load they experience during experiments. Areas with
lower heat loads are covered with stainless steel panels, moderately
exposed areas are covered with graphite tiles, and the highest loads
are sustained by the CFC targets.”"”” The pop-up probe assemblies
are installed behind three divertor target-elements in each divertor
unit, as shown in Fig. 2. The probes could not be installed on an
arbitrary target-element because of the space constraint from the
cooling water-pipes behind the divertor. Thus, the probes could only
be installed in either the first or the last target-element of a target
module.

The position of the line with a highest power load (strike line)
on the divertor depends on the magnetic field configuration used
for experiments in W7-X, determined by the currents in the field
coil circuits and the plasma current.””*” The location of the pop-up
Langmuir probes is chosen such that some probes are always at the
strike line location or close to the strike line location on the diver-
tor for all the magnetic field configurations. The probes in TM2h
and TM3h (six probes + eight probes) shown in Fig. 2 are installed
almost at the same toroidal angle ¢ = —82.4° for LD probes and

“““““““““ Vertical divertor

Horizontal divertor
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¢ = —61.5° for the UD probes. In total, there are 14 probes in this
section of the divertor, as shown in Fig. 3(a). The magnetic surfaces
of the island are shown in Fig. 3(a) for a “standard configuration”
(edge t = 1) vacuum field. There are four probes in TM8h, shown in
Fig. 3(b) (¢ = —56.8° for LD and ¢ = —87.1° for UD), for monitor-
ing the divertor plasma in the “high iota” configurations” in W7-X
where edge ¢ > 1. The magnetic surfaces shown in Fig. 3(b) are from
a configuration with edge ¢ = 5/4.

Ill. DESIGN CONCEPT

The probes are installed in the regions where, in certain mag-
netic configurations, high heat fluxes parallel to the magnetic field
(of up to ~200 MW /m?) can occur. The heat flux deposited on the
probe tip depends on the angle at which the magnetic field is incident
at the probe tip. While this incidence angle varies for each probe, its
value is around ~24°. Consequently, the heat flux deposited on the
probe tip is estimated to be roughly half of the parallel heat flux due
to this angular orientation. Only high-temperature resistant materi-
als (e.g., tungsten or graphite) with good electrical conductivity are
suitable for operation under these circumstances. Even these mate-
rials cannot cope with such excessive power densities in continuous
operation, but can only be driven into the plasma edge for a short
time (~50 ms) and then have to be pulled back into a retracted
position. It was therefore necessary to develop a fast probe driving
mechanism that is also sufficiently compact to be installed behind
the divertor. This is done using the concept of a “magnetic see-saw.”
We call the assembly of different components required for moving
the probe a drive unit. The primary component of the drive unit is
a rigid coil, used as an actuator, with the freedom to rotate about
an axis almost perpendicular to the W7-X magnetic field (Fig. 4).
The coil is made of 110 turns of gold wire, housed in a rectangular
ceramic annulus. When current J is run through the coil, the Lorentz
force J x B due to the W7-X magnetic field will generate a torque on
the coil and cause the coil to rotate. This is schematically shown in
Fig. 4, where a magnetic field B results in a force F in the arms of
the coil where the current J in the coil is perpendicular to the field.
If the coil is mechanically connected to one or more probes, apply-
ing a current to the coil will drive them into the plasma or out of the
plasma depending upon the polarity of the current. It is crucial to

TM8h,
TE1

FIG. 2. CAD model of the W7-X HHF divertor unit (lower) in toroidal module 5 showing the locations of the divertor probes.
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a)¢p =-82.4°,
Lower Divertor, standard

Probe locations

-0.3
742! \/
\\&//ewer divertor
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b) p = —56.8°,
Lower Divertor, high iota

—0.%5 56 57 58 59 .0 61 62 63
R (m)

Probe locations

FIG. 3. The pop-up probe locations in the lower divertor target module at (a) ¢ = —82.4° with the flux surfaces in the standard magnetic field configuration. TM-2h probes
are shown in orange, while TM-3h probes are in red. (b) ¢ = —56.8° with the flux surfaces in the high-iota configurations.

FIG. 4. Schematic of the concept on which the drive units are based, with vectors
indicating magnetic field B, current J in the coil, and Lorentz forces F exerted on
the coil when it carries current.

note that the drive unit will not function in the absence of the W7-X
magnetic field and the direction of the current in the drive unit must
be reversed if the W7-X magnetic field direction is reversed. The cal-
culation of the current that should run through the coil for moving
the probe either downward or upward will be shown in Sec. VIII.
The computer aided design (CAD) model of one such drive unit
for the upper divertor is shown in Fig. 5. The important components
are labeled in Fig. 5. The electrical connections to the two terminals
of the drive coil and the two probe holders are provided through
separate CuBe strips. The drive unit is equipped with stoppers that
allow for an axial movement of 5 mm. Each unit features two sets of
stoppers, one for each probe holder. In the fully retracted state, the
coil is held in its parking position by the retraction stoppers. During
the insertion process, the coil moves until it reaches the insertion
stoppers. This setup ensures a consistent stroke length of ~5 mm for
each probe. Consequently, for each specific probe, the fully inserted
and retracted positions remain constant and were accurately deter-
mined following the installation of the probe in the probe holders.
There are two springs on the drive unit, namely, (1) push-spring or
compression-spring, which pushes the drive unit on the back of the
target plate, and (2) a pull-spring, which holds the drive unit in place
and attached to the target at all times. Both the springs can exert a
force greater than 25 times the force required to keep the drive unit
fixed. This is especially important for the lower divertor drive units,
where the weight of the drive unit is acting against the action of the
push-spring. The two springs together help to fix the drive unit in its

place while at the same time decoupling the drive unit from the pos-
sible deformation of the target plate. From a safety point of view, it is
important that the probes remain in the parked position (retracted
position) in the divertor when no voltage is applied to the drive coil.
Therefore, there should be a mechanism for the passive retraction
of the probes to the parked positions. The lower divertor probes
move against gravity during insertion. The weight of the tungsten
probes allows for the passive retraction without using any additional
component, whereas, in the case of the upper divertor probes, the
probes move downward during insertion and against gravity during
retraction. Therefore, a counterweight on the opposite (to probes)
side of the coil is attached to the coil, as shown in Fig. 5. This
would be called counter-probe side of the coil in the rest of this
paper.

A picture of two installed drive units behind the divertor with-
out the probes is shown in Fig. 6. To protect the coil and probe
connections from electron cyclotron resonance heating (ECRH)
stray radiation, a copper-coated stainless-steel shield is installed over
the coil (not shown in Fig. 6) and the probe-holders. For each coil,
the probe-holders are behind the two ECRH shields in Fig. 6. Two
probe-holders are attached to each coil, as shown in Figs. 5 and 6.
Each probe is held in place tightly by the probe-holder. The engi-
neering drawing of a probe is shown in Fig. 7 with the lengths
shown in mm. The rear end of the probe has a wedge shape for easy
insertion into the probe-holder. The probe has a trapezoidal “pit”-
like structure, which acts like a socket for the holder-pin inside the
probe holder. The dimensions of the wedge and the trapezoidal “pit”
have been precisely chosen to guarantee a good electrical connec-
tion between the holder pin and the probe; it will be discussed in
more detail shortly. Additionally, these dimensions are designed to
exert enough force to maintain the probe’s stability in its position.
Figure 7 demonstrates the necessity for such exact dimensions. As
shown in Fig. 7(a), the upper half of the probe (containing the probe
tip) has a diameter of 1.96 mm with a strict maximum tolerance of
—0.02 mm, whereas the lower half has a diameter of 2 + 0.05 mm.
The probe tip has a fin of thickness 1 mm [Fig. 7(b)], which is the
part of the probe that is exposed to the plasma. The design of the fin
is customized for each probe such that the magnetic flux tube does
not make a contact with the straight edge of the probe tip (see the
Appendix).
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Electrical connection
for coil

. Counter weight -

Coil-axle

Stoppers

Pulling-spring

guiding system

FIG. 5. CAD models of the drive coil assembly from two viewing angles showing different components of the assembly.

The design of the probe-holder with a probe is shown in Fig. 8.
The probe-holder contains a movable holder-pin as shown in Fig. 8,
which creates a snap-lock for the probe. The probe can be pushed
inside the probe-holder while pushing the holder-pin upward
(to the right in Fig. 8). The location and dimensions of the “pit” in
the probe and the holder pin in the probe-holder are decided such
that the pin rests on the rear sloping edge of the pit when the probe is
fully inserted, as shown in Fig. 8(b). This ensures a tension is main-
tained in the Inconel spring, which presses the probe against the
probe holder. This is important because the electrical connections
to the probe are through the Inconel spring and the probe holder.
This mechanism holds the probe firmly in place during the motion
of the probe-holders along the probe axis during operation. A bayo-
netlock mechanism is designed on the probe tip to remove/place the
probe from/into the probe-holder [Fig. 8(¢)]. To remove the probe
from the probe-holder, an exchange tool or removal tool, which is a
steel tube with a small pin attached to its internal surface [Fig. 8(d)],
is mounted on the bayonet mount slot designed in the probe tip. The
probe is rotated with the help of the exchange tool such that the flat

Drive-coil

Divertor
surface

FIG. 6. Installed drive units behind the HHF-divertor.

side of the probe is facing the pin inside the holder Fig. 8(c). At this
point, the probe can simply be pulled out of the drive unit.

IV. PROBE MATERIAL

As stated earlier, due to the high heat fluxes expected on
the probes tips (Q) ~ 100-200 MW/m?), only high temperature
resistant materials (graphite, tungsten, molybdenum, or alloys with
similar properties), which are electrically conducting, can be con-
sidered for constructing the probes. These constraints on the probe
material narrowed down the choice of the material to W (tung-
sten), Mo (molybdenum), and graphite. Very thin (~2 mm) graphite
rods are prone to damage and breaking because of the brittleness of
graphite. The design of the probe tips with a bayonet mount would
have been difficult to make on graphite probe tips. Furthermore,

(6.73)

(6.08)
a) Side view 15.23)
o Al
Probe tip v 8 (2.75)
- § I _'g E 0 85__ = : t!'
10
b) Front view
(E; T 1 JARRY I
' I \[ 1/ |
Probe fin Trapezoidal probe rear
“pit” end

FIG. 7. Engineering drawing of a probe. The probe tip has slightly different dimen-
sions for each probe. (a) Side view of the probe tip showing the dimensions
of different parts of the probe. All the lengths shown are in mm. (b) The front
view of the probe showing the shapes of the probe fin, trapezoidal “pit,” and the
wedge-shaped rear end of the probe.
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Inconel
Probe spring Holder
Holder pin

b) Installed
position

Probe

a) Push to Probe t'p ¢) Turn and pull to

install remove
u e) Probe tip
with Bayonet

d) Removal tool lock mount

FIG. 8. Design of the probe-holder, probe tip, and the removal tool is shown. (a)—(c)
Description of the procedure to install a probe in the probe-holder and remove the
probe from the probe-holder. (d) The removal tool with a pin to go in the bayonet
lock mount on the probe tip shown in (e).

graphite has a lower thermal conductivity as compared to Mo and
W. Tungsten is a better choice if one considers the melting point of
W (3700 K) and Mo (2900 K). However, both W and Mo have com-
parable thermal conductivities. Therefore, heat handling capabilities
of Mo and W probes were simulated and compared to arrive at the
final probe material. In the simulations carried out for heating of the
probe in the presence of a high heat flux (Q ~ 50-200 MW/m?), it
was found that there was a significant difference in the peak temper-
atures reached during plasma operation between W probe tips and
Mo probe tips. The W probes could be held in the plasma for much
longer without reaching the melting temperature of tungsten. Due to
these reasons, tungsten was chosen for manufacturing of the probes.
However, there are safety aspects associated with the use of a high-Z
material, such as W or Mo in the plasma. Such high-Z impurities can
lead to plasma collapse even when they are present in trace amounts
in the plasma. A brief analysis of such a scenario is presented in
Sec. V.

V. RISK ASSESSMENT FOR TUNGSTEN PROBE TIPS

Tungsten has a high atomic number (Z = 74), and even a small
concentration of tungsten impurity (nw/ne = 107°) can lead to a
radiation collapse of the plasma.”” Therefore, it is crucial to conduct
a risk assessment of the probe reciprocation system. The purpose of
this risk analysis is to assess excessive exposure of the probes to the
plasma, as over-exposure can cause evaporation of the probe tips.
This can result in the release of impurities into the plasma, leading
to degraded or failed experiments. Potential causes of over-exposure
include mechanical failure of divertor-mounted components or
operator error in setting drive unit control waveforms. To mini-
mize the risk, the drive unit is designed with counterweights to keep
the probes retracted when there is no current through the coil. All
components are qualified to withstand at least 4 x 10° reciprocation

ARTICLE pubs.aip.org/aip/rsi

cycles (see Sec. VII). The exposure time limits are determined
through finite-element thermal modeling.

In the unlikely event, where a drive coil is not able to retract
the probes, two probes would be exposed to the plasma. A very
conservative estimate, where the stuck probe tips are completely
evaporated after receiving a parallel heat flux of 200 MW /m?, is
made. For a plasma density of 10'° m™ and an electron tempera-
ture of 1 keV (W radiation peaks at ~1 keV), a total of 36 discharges
would be required to get rid of the tungsten, assuming that all of
tungsten from the probe tips would go inside the plasma core after
subtracting the prompt redeposition fraction®’ on the divertor. This
means that even if we do get such an accumulation of tungsten in
the core while the two probe tips are being evaporated during each
shot until the shot is disrupted, we could get rid of the stuck tung-
sten probe tips by running about 36 or less high-power, low density
discharges.

In plasma discharges where radiation from the plasma core is
more prominent than radiation from the plasma edge, the onset of
a radiative collapse starts already at a radiation level of >60% heat-
ing power, needing twice the number of pulses for cleaning. In this
context, it should be mentioned that before the threshold radia-
tion levels for radiative collapse are reached, the radiation cooling
might also simultaneously result in a strong reduction of the target
loads, reducing the evaporation rate and, consequently, increasing
the time until the necessary W-concentration for significant radia-
tion. This can lead to two scenarios: (a) the W-source becomes so
low that within the usual pulse duration of W7-X no collapse will
be achieved and no severe energy degradation is visible or (b) in
the case of predominant plasma core radiation and finite W con-
finement, a “medium” W-source allows a stationary radiation level
below 60% of the heating power without a radiative collapse but with
a stably degraded plasma energy. In case (a), it can take a long time
(many discharges) to completely evaporate the tips, but, on the other
hand, the W-radiation seems not to limit the experimental program.
However, in case (b), the experimental program can be affected by
W-radiation depending on the radiation level without limiting the
pulse length by radiative collapse. This makes simple estimations a
little bit more complicated.

Some experiments have been performed in tokamaks to esti-
mate a scenario like the one in question. In one such experiment
performed in ASDEX Upgrade with sublimation probes near the
divertor (at the bottom),’’ the probability that the tungsten impu-
rity would enter the scrape-off layer (SOL) was found to be 6%. In
another such experiment with tungsten pins in the outer divertor of
ASDEX Upgrade, the fraction of tungsten that goes into the core was
measured to be only 0.16% of the total amount of W-atoms released
from the pin.”” If we consider such a retention for the case of W7-
X as well, we would end up with a density of tungsten in the core,
which can be calculated as

~ frea) x (0.16/100)

=2.1x10" x (1-0.53) x 0.0016
=157 x 10°m™>, (1)

NW,core = NW,probe X (1

where ny yrope is the number of tungsten atoms released from the
probe divided by the volume of the plasma and f,,, is the redeposited
fraction. f,.; redeposition depends on the ratio of the ionization
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length and the ion Larmor radius: y, = Aiz/p; and can be computed
from the relation given in Ref. 30,

frea = 1/2[exp (=2yp) + exp (—yp/5)]. 2

For the present case, we assume the values given in Ref. 32 for
the temperature of tungsten atom ~4.4 eV. In the magnetic field of
W?7-X, the Larmor radius of tungsten ~1.7 mm for a singly charged
tungsten atom. Ionization length [Ai; = vw/(Gionvene)] for tungsten
~1.3 mm, computed for T, = 20 eV, n, = 2 x 10" m™, Gionve = 7.9
x 107 m?® s, and yp =0.764. vw and v, are the thermal
velocities of tungsten atoms and electrons, respectively.

Taking an example of a typical hydrogen plasma discharge in
W?7-X with an input power of 4 MW with n, = 5 x 10" m™ and
T.=4 keV, radiated power by tungsten density nw = 1.57
x 10> m™ in the core is nenwL;(Te). L;(T.) is the radiation cooling
rate,”

L:(Te) = Zi(Ai[log,o(Te)])- ®)

The values of the A; coefficients are given in Ref. 34. The radiated
power comes out to be 0.411 MW, which is 10.2% of the total input
power. Therefore, we can conclude that this much accumulation of
tungsten is too small to kill the discharge’® but could radiate away
a small fraction of input power depending upon electron density
and temperature in the core. In the case of tokamaks, the evap-
oration of tungsten interferes with the plasma startup because in
tokamaks the current build-up is important for confinement as well,
but for an optimized stellarator, such as W7-X, this might not be
the case. This is a very conservative estimate because we are con-
sidering a complete accumulation of tungsten, which is coming out
of the probes after re-deposition, into the core without consider-
ing impurity transport. Nevertheless, such a situation has not been
experimentally investigated in the case of an optimized stellarator,
such as W7-X.

VI. PROBE DIMENSIONS

The divertor geometry in W7-X is designed such that the mag-
netic field makes a grazing incidence at the target plate. Some of
the first and last target-elements of each target module have cham-
fered edges to avoid any leading edge. The probes are installed in
the last target-element of target-module 2h and first target-element
of target-module 3h where such chamfered edges exist (Fig. 2). This
creates a situation where, depending on the length of the probe, a
part of the probe tip may be shadowed by the chamfered edge or pose
an unacceptable leading edge to the magnetic flux tube. Therefore,
the length of the probe must be adjusted according to the mag-
netic field configuration where the length of the straight edge of
the probe presented to the magnetic field is maximum. This con-
figuration would be called the most critical field configuration. The
most critical field configuration can be different for each probe. An
example of the probe installed in such a chamfered edge is shown in
Fig. 9.

The location in the plane of the divertor surface at the center of
the aperture for the probe in the divertor is referred to as the pen-
etration point and is marked as P in Fig. 9. The probe axis passes
through P. The probe tip has a triangular fin, with its diagonal face
inclined at an angle y with respect to the base of the fin shown as
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FIG. 9. Schematic of the probe tip showing the face of the probe seen by the
magnetic field.

a blue dotted line in Fig. 9. The angle between magnetic field and
divertor surface is 8. The angle between the probe axis and diver-
tor surface normal is « such that the projected length of the probe
face is Lproj = 2Rp sin(y — a + f8) /cos(y), where Rp is the radius of
the probe. Lg, = 2Rp tan(y) is the length of the fin on the probe tip
(see the Appendix for the calculation). The probe lengths were
calculated based on the following considerations:

(1) The probes must not present a leading edge to the magnetic
field line in their inserted positions.

(2) The projected length of a probe tip in the vacuum field should
be < (1 +£0.1) mm.

Figure 10 shows a schematic showing a probe in its retracted
and inserted positions; the depth of the probe-holder (Lye) from
a divertor surface (from point P) in the inserted position along the
axis of the probe was measured along with the stroke length ( Lok, )
of each probe for each probe location after the installation of the
drive units behind the divertor. Stroke length is the distance traveled
by the probe tip from a fully retracted position to the fully inserted
position. The total probe length consists of three lengths,

Lprobe = Ldepth + Lﬁn + loptimized~ (4)

Divertor

surface

Retracted
probe probe

Inserted

FIG. 10. Schematic of the retracted and inserted probes in the probe holder.
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As shown in Fig. 9, lyimized i the perpendicular distance
between the penetration point P and the base of the fin in a situation
where the diagonal face of the probe is completely exposed to the
SOL magnetic flux tubes and the straight edge of the probe is com-
pletely shadowed by the chamfer edge. The value of [ypimizeq can be
positive (base of the fin above P) or negative (base of the fin below P)
depending upon the angle of magnetic field incidence. A detailed
calculation of lypsimizeq for both cases is given in the Appendix.

The final length of the probe was decided based on an opti-
mization, which takes into account all the relevant magnetic field
configurations. The actual length (Lp,opeqe) Of @ probe is the min-
imum of the probe lengths calculated for all the relevant magnetic
field configurations (see Sec. XII). Probes of optimized length are
installed in their respective locations in the divertor. The distance
between the penetration point and the probe tip in the retracted
position of the probes in the divertor was measured. The expected
measured distance is (Lprobeact = Ldepth — Letroke ). We were able to
achieve a remarkable precision in the lengths of the probes with a
maximum deviation in the exposed length equal to (0.08 + 0.01)
mm. For most of the probes, the deviation from the desired length
was around (0.03 + 0.01) mm. This deviation in total probe length
would translate to a deviation of almost the same value in the
projected length, which is well within the desired uncertainty of
+0.1 mm.

As an outcome of this optimization process, certain magnetic
configurations may lead to partial shadowing of a probe’s diagonal
edge by the chamfered edge of the divertor. This factor needs to be
appropriately considered when determining the effective probe area
for particle collection, as shown in Sec. XII.

VII. DURABILITY TESTING AND FRICTION TESTS

A W7-X-like magnetic field (~2.5 T) is required to carry out
the mechanical testing of the drive coil and electrical contacts
(to probes and the coil). The D-MAG experiment device in the Uni-
versity of Greifswald,” which has a repurposed gyrotron magnet
capable of generating up to 6 T fields, serves as a suitable test-bed for
this purpose. A mock-up design of the drive unit and probe assembly
was prepared for testing with the original drive coil. The orienta-
tion of the coil in the mock-up design was modified to account for
the vertical direction of the magnetic field in the D-MAG device.
However, the probes and holders were kept vertical (as they are in
the original drive unit) to have the same effect of gravity as on the
original drive unit. The design of the mock-up drive unit is shown
in Fig. 11.

The tests were mainly performed for testing the mechanical
strength and durability of the coil assembly, the probe-holders, and
the drive unit under the relevant experimental conditions of 2.5 T
magnetic field and ultra-high vacuum. Important information about
the minimum insertion current and the variation of the speed of the
coil with different bias voltage and magnetic field was also obtained
through these tests. Scenarios such as deformation of the divertor
plates and heating up of the actuator coils were also tested with the
mock-up to test the performance of the drive coils in the scenarios
with increased friction.

The D-MAG vacuum vessel was heated to 150 °C to simu-
late the heated environment of the W7-X plasma vessel, and long
reciprocation test-runs were carried out with the mock-up. The
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FIG. 11. The mock-up used for the testing of the drive units in the D-MAG labora-
tory. The coil orientation is made different from Fig. 5 because of the different field
direction of the magnet.

temperature of the coil reached 118 °C after four test-runs of 5000
reciprocation cycles each. The increase in temperature was due to the
joule heating of the coil and the elevated ambient temperature. The
current required for insertion and retraction at higher coil tempera-
tures remained the same as before. However, since the coil resistance
had changed, the input voltage was adapted accordingly. The tem-
perature of the coil did not rise significantly even with long test-runs
when the D-MAG vessel was not heated. Several waveforms to
drive the probes were tested to analyze the motion of the probes
through the current and voltage signals. The drive coil was driven for
496 000 reciprocation cycles in total. Due to the difference in coil
placement in the mock-up, the friction along the motion of the
probes can be different in the mock-up as compared to the original
drive units.

The friction tests were conducted individually on the drive
units after their installation on the divertors. These tests aimed to
determine the friction factors necessary for calculating the inser-
tion current for the drive coils. In these tests, each drive coil was
incrementally moved along the insertion path by adding weight to
the corresponding arm of the coil. In the lower divertor drives,
additional weight is placed on the counter-probe side to facili-
tate probe movement along the insertion path. Conversely, for the
upper divertor drives, extra weight is applied on the probe side
for probe movement along the insertion path. The coil was moved
along the retraction path by removing the added weight. After every
1 mm vertical displacement of the probe, the total added weight was
recorded. The friction and torque on the coil depend on the verti-
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cal displacement s. The torque balance should satisfy the following
equation:

Mprobe + MW(S) = ﬁ(S)MC’ (5)

where M, (s) is the moment on the arm of the coil attached to
the probe and M, is the moment on the counter-probe arm. Mw (s)
is the moment due to the added weight when the displacement of
probe tip from its resting position is s. For upper divertor drive coils,
My (s) is positive, while for lower divertor drive coils, it is negative.
A friction factor fi(s) (>1)is multiplied with M. for insertion path.
For retraction direction, the weight applied to the coil was
reduced incrementally to bring the coil back to its nominal position,

f"(s)(Mprobe) +MW(S) = M.. (6)

fr(s) (=1) is the friction factor in the retraction path. The values of
fi and f; were calculated for each step and averaged to get one
average friction factor: f and f, for each lower divertor and upper
divertor drive unit, respectively. The range of f; lies between 1.05
and 1.15, while f,, varies within a range of 1.06 to 1.16.

VIll. COIL CURRENT CALCULATION

The current required for moving the coil and probe system of
a drive unit is calculated for a given insertion-time and hold-time.
The required current can be calculated by balancing the torque on
each side of the coil. The angular acceleration required to move the
coil arm such that its linear displacement is s in time ¢ is given by

ot) = Ef )

and therefore, the torque required is

s 2
M(t) = Icoil‘x(t) = IcoilE ?: (8)

where s is the vertical displacement of the coil arm or the probe,
I, is the distance from the axis of coil rotation to the location where
the probe-holders are attached to the coil, and I,,; is the moment
of inertia of the coil. In addition to this, a force imbalance on the
opposite arms of the coil already exists, which leads to a net torque
to keep the probes retracted when no current is applied. This torque
is given by

Mo = glmecle cos (y+€) —mpl, cos(y)]  forupper divertor,
o gl-mcle + mply] cos (y) for lower divertor,
)

where m, and I, are the total mass on the probe side and the dis-
tance of m, from the rotation axis and m. and . are the total mass
and the distance of the center of mass from the rotation axis on the
counter-probe side. For the upper divertor drive units, contrary to
the lower divertor drive units, the center of mass location on the
counter-probe side is not on the coil. For such a case, the center of
mass location on the counter-probe side is shown marked as O in
Fig. 12. The point O is inside the counter-weight. Figure 12 shows
a simplified 2D geometry for the upper divertor drive unit with
the counter-weight. The angle between the line connecting rota-
tional axis of the coil to O and the plane of the coil is € such that
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Counter-
weight

FIG. 12. Simplified schematic of a drive unit as seen from the side (horizontal view
in radial direction of the torus). Point O in the counterweight is the center of mass
of the counter-probe side.

Ic = lopp/cos(€), where L,y is the distance from the rotation axis to
the point right above O on the coil.

One can also introduce a friction factor in the expression for
Mies as explained in Sec. VII. The friction factor can be estimated
from the motional tests done on the drive units after their instal-
lation on the divertors. The divertors were not installed inside the
W7-X vacuum vessel during the motional tests. These tests were
done by adding additional weights on one side of the coil to make
the coil move. It was observed that the coil did not start moving
even after the theoretical value of the torque balance was achieved.
This was because of the static friction opposing the motion. From
these tests, an average friction factor (f; for LD and f, for UD drive
units, its value is typically between 1 and 1.2) is obtained for each
drive unit and is included in the expression for M., before comput-
ing the final current values. The friction factor was included in the
expression of M. in a way such that it always increases net torque
required to move the coil. The expression of M.y with the friction
factor becomes

glmclfu cos (y +€) —myl, cos(y)]  for UD insertion,
gl <o (+€) — mphp fu cos ()]
gl=mele + myly fi] cos (y)

~g[-melcfi + myly] cos (7)

for UD retraction,
Mrest = . .
for LD insertion,

for LD retraction.

(10)

The torque produced by a current I through the coil with
n turns in a magnetic field B making an angle of ~ +70° (as shown
in Fig. 13) with the probe or counter-probe arm and hence with the
current direction is given by 7; = nBIA sin(70°).

The final current through the coil for a given insertion time
t (or retraction time) is given by solving the following equation:

71 = Myeot = M(1). (11)
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Rotation
axis ==

FIG. 13. Simplified schematic of a drive coil as seen from the top. The mag-
netic field makes an angle of 70° with the arm of the coil connected to probe
or counterweight.

Using Egs. (8), (10), and (11), we get the following expression for the
current required to move the coil:

Miest + M(t)

I(t) = m. (12)

The appropriate expression for M. should be chosen according to
Eq. (10).

Using the resistance of the circuit, one can calculate the voltage
required to move the probes for a given insertion, hold, and retrac-
tion time. The resistance of a drive circuit is Reircuit (T) = Reoit(T)
+ Reontacts + Ropuns. The resistance of the cable and electrical contacts
are included in Reontacts, and the shunt resistance Ry, is 100 Q. The
coil resistance is sensitive to the temperature (T) of the coil and has
a thermal coefficient of resistivity of 0.25 /K. The desired voltage
output from the amplifier can be computed by simply multiplying
the calculated current from Eq. (12) by the total resistance of the
circuit (~264 Q)at room temperature.

The voltage output from an Analog Output (AO) device is
amplified tenfold by an amplifier before going to the drive coil. The
temperature of the coil is monitored throughout the operation by
calculating the resistance of the coil circuit after each plasma dis-
charge. The current is then adapted to the resistance change of the
coil during operation.

IX. CONTROL AND OPERATION OF THE DRIVE UNITS

Each of the drive units is controlled by applying a voltage to the
two terminals of its respective coil. Additional connecting cables are
available for test use to compare cable resistances with the installed
drive units. The voltage to each drive unit is applied by using a power
amplifier. The waveforms to each drive unit are calculated based
on the desired insertion, hold, and retraction times. For example,
a faster insertion would require a greater torque on the coil, and
therefore, a larger current and thus a higher input voltage would
be needed. The operator of the diagnostic can specify the inser-
tion, hold, and retraction-time for each drive unit separately. The
hold time is the duration during which the probe is fully exposed
to the plasma. This duration is kept long enough to collect suffi-
cient current-voltage (IV) characteristic curves in one plunge while
keeping the temperature of the probe tips under a specified tem-
perature limit. This part of the operation relies on the simulation
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of the heating of the probe tips under a given parallel heat flux.
The temperature rise of the probe tips in several heat flux scenarios
along with the cooling of the tips in parked positions was simu-
lated. Based on these simulations, two quantities critical to operation
can be derived. The first is the maximum duration of the probes in
the plasma (hold time) for a given heat flux, and the second is the
minimum duration between two consecutive plunges (rest time).

A. Drive waveform

Different probes may have different values for hold and rest
time depending upon the heat flux received by them. The drive units
controlling the probes close to the strike line will have a longer
rest time (cooling duration) than the ones further away from the
strike line. During operation, the hold time for all the drive units
is kept the same at 30 ms. The drive waveforms are supplied by a
pre-programmed AO device to the amplifiers, where the signals are
amplified ten times. Figure 14 shows a simple waveform, containing
the four necessary functional phases. The sequence of events during
a plunge is as follows:

a. Insertion: Voltage is applied to the coil so that the resulting
Lorentz force pushes the probes into the plasma. The probe
moves toward the plasma until it hits a mechanical stopper at
its fully inserted position, at which point the coil might still be
supplying Lorentz force, but the probe does not move.

b. Hold: Once the probes are fully inserted in the plasma, they
will need to remain in place for a user-specified amount of
time to take measurements. If no current is applied to the coil,
the probes would fall back to their retracted positions due to
the force from a counterweight. Thus, a constant voltage must
be applied to the coil during this phase to hold the probes in
the plasma against the force of the counterweight. For lower
divertor probes, there is no counterweight, but the weight of the
probes provides the same effect.

c. Retraction: Voltage of the opposite polarity is applied to the
coil so that it pulls the probes out of the plasma and holds them
there.

Voltage [V]

0.00 0.05 0.10 0.15
time [s]

FIG. 14. Waveform for the drive coil showing different phases of drive coil
operation.
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FIG. 15. The input voltage signal to the drive coil circuit (a) and the current in the
drive circuit (b) are shown for two cases with and without magnetic fields.

d. Rest: No voltage is applied to the coil such that it remains in its
retracted position with the help of a co/counterweight.

To determine the coil resistance, a weak voltage can be applied
with the retraction polarity. From the voltage and current measure-
ments, the Ohmic resistance of the coil circuit and temperature of
the coil can be calculated.

The current flowing through each drive unit yields valuable
information about the status of each drive unit and its attached
probes. This is because of the induced voltage within the coil as it
moves relative to the W7-X field. Figure 15 shows an example of the
current flowing through a drive unit [Fig. 15(b)] in response to a
voltage signal [Fig. 15(a)] with and without a background magnetic
field. The retraction voltages in the two cases are slightly different.
In the case without the magnetic field, the coil does not move and
the current I is simply proportional to the amplifier output volt-
age Uiye in accordance with Ohm’s law: I = U i/ Reircuit, Where
Reireuir is the total resistance of the drive circuit (coil resistance
+ cable resistance + shunt resistance ~264 Q at 20 °C). In the case
with the magnetic field, the current signal is lower in magnitude than
its no-field level at the beginning of both the insertion and retrac-
tion phases. During these times, the coil is moving in response to the
Lorentz force, which in turn induces a voltage U, in the coil against
the applied voltage U 4, to the circuit. Once the coil hits its stopper
and ceases to move, there is no more induced voltage and current
signal returns to the same value I = U gy, /Reircuir (in the hold phase)
it reaches in the absence of the magnetic field. With prior knowl-
edge of U iy and Reircuis, it is simple to calculate the induced voltage:
Uind = Udrive — IRcircuit.

To determine the approximate probe displacement over time
during its reciprocation, we consider the simple geometry of the
upper divertor drive-unit in its fully retracted position, as shown in
Figs. 12 and 13. With the coil’s movement starting at ¢ = 0, there
is a consequent change in angle S(t) between the plane of the coil
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and the horizontal plane. At a fully retracted position, this angle is
shown as S(t = 0) = yin Fig. 12, which reaches zero as the coil aligns
with the horizontal plane. Upon complete insertion, the coil experi-
ences an angular displacement of approximately 2y, which is around
15°. The magnetic field vector is not aligned at right angle to the
probe/counter-probe arm of the coil, but at an angle of ~70° (see
Fig. 13). The exact value of this angle varies slightly depending on
the magnetic configuration and on the location of the probe drive
under consideration. The induced voltage in the coil at any time
t can be expressed as

d

Upalt) = -
a(t) o

[B sin (70°) sin (S(t)) - Acoit]s (13)
where n represents the number of turns, B denotes the magnetic
field in W7-X, and A,,; is the coil’s cross-sectional area. Given that
S(t) remains within ~—7.5°-7.5°, it is reasonable to approximate
sin(S(¢)) ~ S(t). Then, with the knowledge of the magnetic field and
the probe geometry, one can calculate the angular displacement S(t)
of the coil-arm containing the probe between time t = 0 and ¢ = #; as

ty .
S(t1) m—fo _Uina_ g, (14)

nBAcoil

In Eq. (14), we approximate sin(70°) as roughly equal to 1, mak-
ing the equation independent of the magnetic configuration used.
This approximation is adequate for estimating the displacement of
the probe. The result for the lower divertor drive is the same as
Eq. (14). This allows the user to monitor the movement of the drive
coil and determine at what time instance a probe is fully inserted in
the plasma, which is important for the interpretation of the probe
current signal. The full linear stroke length of the coil motion is
~5 mm, which is the maximum possible displacement of a probe tip
from its resting position. If the distance between the axis of rotation
of the coil and the point at which a probe is attached to the coil is
Ip, the displacement of the probe tips is ~ IpS(#). This is also use-
ful for operation and safety, as it indicates whether a drive unit is
functioning as desired. Before execution, the programs are checked
against a series of compliance parameters to enforce user-defined
rules for device safety and data acquisition volume.

B. Control and measurement circuit

The Langmuir probe diagnostic requires 18 control modules
to control 18 drive units independent of each other. A simplified
control and measurement circuit is shown in Fig. 16.

The waveform specifications are calculated before each plasma
discharge depending on the insertion, hold, and retraction times.

Function ,%l Amplifierbox, | 221
Generator Gain =10
100Q 60m
J_ ‘ l cable
U drive
measurement Ushunt
t n "
measuremen Drive Col

FIG. 16. Simplified circuit for drive unit control and measurement.
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The specifications are delivered to an AO device (function genera-
tor), which is connected to a power amplifier capable of delivering
up to 0.5 A and up to 60 V. The output of the power amplifier is
measured and is fed to the drive coils through the drive-cables going
to the vacuum vessel. In the return cable path, a 100 Q resistor is
connected in series with the coil and the voltage drop on the resis-
tor is measured. The drive coil has a resistance of ~149 Q at room
temperature. The drive voltage and drive current signals from the
measurement card are digitized by using an analog-to-digital con-
verter (ADC) with a sampling rate of 50 kHz and then stored in
W?7-X Archive. It should be noted that for the operation of the drive
coil, the objective is to calculate the drive current rather than the
voltage in the drive circuit. The torque on the drive coils is pro-
portional to the current and magnetic field generated by the W7-X
field coils. The temperature of the drive coils and hence their Ohmic
resistance may vary significantly during plasma operation, and the
drive voltage should be adapted to keep the drive current the same
in successive plunges.

The basic functional components of the drive unit control as
well as the probe biasing and measurement system are shown in
Fig. 17. The W7-X timing system (segment control)™’ provides
a trigger to synchronize the operation of different components of
the diagnostic with the W7-X operation. For the pop-up-Langmuir
probe diagnostic, this integration of the W7-X segment control and
the diagnostic is achieved via a Generic Resource Interface (GeRI).*
Several diagnostics employed in W7-X make use of GeRI for integra-
tion with W7-X segment control. The GeRI software can provide a
trigger at a certain desired time interval before the plasma break-
down. At this point, the calculation of the currents required to
move each active drive coil is done based on the user specified
inputs.

bk GeRI

software

timing
system

DC power
supply

Power
amplifier

Power Amplifier Bridge
(Kepco BOP 100) circuit box
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X. CONTROL AND OPERATION OF THE PROBES

As shown in Fig. 17, the probe biasing and measurement are
also integrated with W7-X segment control. A biasing AC signal
(usually a sine wave with amplitude +10 V) is created by a func-
tion generator and fed to a power amplifier. The power amplifier
amplifies the AC signal by ten times. A DC offset of ~-80 V,
generated by a programmable DC power supply, is added to this
AC signal to create the biasing signal, which is a sine wave with
amplitude ranging from -180 to +20 V. The same analog output
card, which is used for controlling drive coils, also provides the
input to the programmable DC power supply to generate —80 V. The
power amplifier biases probes to the desired amplitude and supplies
current (up to 1 A DC with possible 10 us bursts of 5 A) to the load
created by the plasma. The biasing signal is fed to a bridge box. A
bridge box contains a reference line and four probe lines. Each of
the 36 probes is biased via co-axial probe cables, consisting of one
biasing line connected directly to the probe and one return line con-
nected to the vessel. Additional connecting cables are available for
test use in comparison with the installed probe circuits.

A. Bridge circuit

A bridge circuit is used for biasing the probes and measurement
of the probe signals. The circuit suppresses the effects arising due to
the long cable lengths (~60 m) as follows:

(1) The relationship between the measured probe voltage and
signal transit time in the cable (7g) differs from that of the
current and the signal transit time [as shown in Egs. (15) and
(16)], with longer cables exacerbating the time delay between
the current and the measured voltage.

Probe
motion

Probe
sweep

¥

Function ’7 : i
Generator o "

FIG. 17. Complete scheme for the control and data acquisition for the drive coils and the Langmuir probes.
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FIG. 18. Circuit diagram consisting of a simple bridge circuit with one load (probe)
arm.

(2) The overall capacitance of the cable, which increases with its
length, leads to capacitive influences on the measurements.

The simplest bridge circuit essentially includes two arms in
parallel connected to the same input source at the bridge B point,
as shown in Fig. 18. The two arms are a load arm and a refer-
ence or compensation arm. The compensation arm is of the same
length as the load arm. The capacitors shown in Fig. 18 represent
the capacitance of the coaxial cables. The other end of the load arm
is connected to a load and eventually to ground, whereas the refer-
ence arm is kept open so that only a displacement current flows in
the compensation arm. The running waves on the long cabling influ-
ence the voltage at the bridge point. The voltage at the load differs
from the voltage at the bridge. Collecting the bridge input voltage
as well as the voltages in both bridge arms makes an excellent cor-
rection possible. The effect of load can be obtained by taking the
difference of the potential at the input of the probe branch u; and
the potential in the compensation branch u.. Then, the current in
the load arm due to the load can be calculated by using the following
simple relation:

Tipaq = Au/Rs = (us - uc)/Rs~ (15)

The expression for calculating the current uses us, which is the
voltage measured at the input to the probe line. The probe voltage is
calculated by using the following expression:*’

Zoui(t—TR)(1+ Ms(t)ZDZ;D&—Mi(t) ), (16)

t) =
up( ) Zo+ Ry u,-(thTR)

where Z is the impedance of the coaxial probe cable or compen-
sation cable, u;(t) is the input to the bridge circuit at time ¢, and
TR ~ 0.3 ps is the signal run-time on the long coaxial cable. The probe
voltage obtained using Eq. (16) is used for the LP analysis. For the
case without any load in the load arm, this current becomes zero.
Depending on the frequency of operation and current driv-
ing limit of the amplifiers, one compensation arm can be used with
multiple load arms. For the pop-up probes, each compensation arm
was used with a maximum of four probes (the probe-plasma sys-
tem is the load). In total, ten bridge circuits were used for operating
36 probes. Two bridge circuits were operated with two probes each
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FIG. 19. Schematic showing all the components in a probe arm of the bridge circuit.

and eight circuits with four probes each. In addition to the compo-
nents shown in Fig. 18 for a simple bridge, some other components
were used in each arm (both compensation and probe arms) for
introducing additional features to the circuit. Figure 19 shows a
probe arm of the bridge circuit used for pop-up probes. The com-
pensation arm is identical to the probe arm shown in Fig. 19 except
that in place of the probe at the end of the arm nothing is connected
in the compensation arm. The arm shown in Fig. 19 has a switch
to disconnect the bridge circuit from the probe. This allows for the
measurement of floating potential when the bridge is disconnected.
In addition to this, there is an option to connect the arm to ground
via a 1 or 10 kQ resistor in parallel to the main line. The main line
is the cable going to the probe or open end from the power supply.
These 1 and 10 kQ resistors serve two purposes, namely, (a) dur-
ing a glow discharge, the switch to the resistor is closed and 1 kQ is
connected to the circuit so that a high potential does not develop on
the probe; (b) the resistors can be used for troubleshooting without
plasma in the case of a problem in the circuit.

The probe signal passes through a preamplifier connected to the
measurement card (shown as the OP-amp connected to the ADC
in Fig. 19), which measures the bias voltage and floating voltage.
The voltage signals from the measurement card go to a digitizer.
The digitized signals are sent to the W7-X data archive—ArchiveDB
(Fig. 17). The attenuation in the long cables between the bridge cir-
cuit and the probes limits the sweeping frequency () using this
approach. Shortening the length between bridge and probe, the cable
attenuation can be reduced drastically and the frequency can be
increased further. The bridge circuit was already tested during OP
1.2b for two Langmuir probes. Several qualifying tests with long
cables of different lengths at frequencies ranging from 500 Hz to
10 kHz had shown the usability of the concept for OP2.1. For OP2.1,
the frequency of sweeping was limited to 1 kHz. The cable lengths of
the load arm and the compensation arm have to be almost the same
for efficiently using the bridge circuit. The effect of cable lengths
becomes more crucial for higher sweeping frequencies (>5 kHz).
For 1 kHz, the maximum difference in the cable lengths of probe
arm and reference arm in one bridge circuit should not exceed
20 cm. Almost equal cable lengths for relevant cables were ensured
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by matching the total capacitance of the cables. The speed of the sig-
nal in the cable is ~ 2 x 10% m/s, which results in a wavelength of
~200 km for a 1 kHz signal. The cable length is very small as com-
pared to the wavelength, and that is why the compensation works
very effectively with 60 m cables. For future campaigns, the bridge
circuit could be moved closer to the Langmuir-probe (plasma ves-
sel). This would decrease the attenuation in both bridge arms and
allow the increase of the sweeping frequency f. beyond 50 kHz. In
case the wiring becomes longer at higher sweeping frequency, the
probe voltage is influenced by the cable run-time.

XI. OPERATION DURING EXPERIMENT PROGRAM

Before operating the diagnostic, a polarity check of the signal
generated by the analog output device is done for all the drives with-
out magnetic field. The required insertion/retraction polarity of the
input signal for each coil is known beforehand.

A. Operation with magnetic field

With the magnetic field, the drive coils receiving the signals
with correct polarity and right amplitude will move. This is checked
when the magnetic field of W7-X is on but without the plasma. An
illustration depicting the coil signals for one of the drive units during
a plasma discharge is presented as an example in Fig. 20. Figure 20
shows the input voltage [Fig. 20(a)] and coil current [Fig. 20(b)]
signals for a plunge event along with calculated displacement of
the probe from the resting position [Fig. 20(b)]. The input voltage
shown in gray in Fig. 20(a) for the drive unit was calculated for an
insertion duration of 20 ms. The voltage drop on the drive coil is

30
20 a) Temp =23.70°C
~ | Resistance = 163.80Q |
';' 10
g e
a= 0
S
—-10 == |nput voltage [V]
= co0il voltage [V]
=20
10
E Contulh PRSRS SE 0
E 8 \-.l',/
t 6 -2
g P - probe displacement
v 4%
v} -4
©
E. 2 = = induced voltage [V]
5 = current [mA] —6
9.95 3.00 3.05 3.10 3.15 3.20

time [s]

FIG. 20. Summary of a plunge-in of drive 218 in the lower divertor. (a) The input
voltage from the amplifier to the drive coil circuit in gray and the voltage drop across
the drive coil in red. (b) The linear displacement of the probe tip in black, the current
through the circuit in blue, and the induced voltage in the coil in the green dashed
line. The current through the coil makes the coil move in the magnetic field of
W7-X. This movement is captured in the drive current. The probe displacement
remains approximately at 5 mm after the complete insertion and starts decreasing
in the retraction phase showing a successful plunge-in.
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shown in red. One can see a small change in the drive coil voltage
during the insertion phase. At this time, the current signal shows
large fluctuations. The deviation in current from I = Ui/ (Rcircuit)
is because of the induced voltage in the circuit due to the motion of
the coil in the magnetic field. The induced voltage U, is an indi-
cation of the motion of the coil and can be used to calculate the
displacement of the probes,

Uind = Udrive — IRcircuit- (17)

The calculated temperature of the coil and the value of the resistance
Reoit + Reontacts is also shown in Fig. 20(a).

B. Bridge circuit output calibration with data
acquisition software and control

The circuit calibration is done by biasing the probes and acquir-
ing the voltage signals without plasma and without the magnetic
field with the probes in parked position. The current calculated from
the bridge circuit should be zero in this case. However, the ADCs
record a small value, which increases in magnitude linearly with
the applied voltage. The slope in the recorded data, as a function
of applied voltage from a calibrated source, is a result of finite resis-
tance of the long cables and electrical contacts, which are slightly
different in each bridge arm, whereas the intercept is the background
noise recorded in the ADC. The calibration parameters can be easily
obtained by setting the output current to zero.

The operation of the diagnostic is linked with the segment con-
trol of W7-X via an interfacing software GeRI (Generic Resource
Interface). The operation program is divided into three main phases:
a preparation phase, a run phase, and a post phase. The signals
required for the operation of the diagnostic are calculated in the
preparation phase and stored in a temporary memory buffer. The
plasma heating is on during the run phase, and the coils move
the probes into the plasma at desired time instances to acquire
the current-voltage characteristic. In the post phase, the heating is
switched off and the diagnostic goes into idle mode as the data are
being written to the W7-X data archive. The drive waveform para-
meters pop-up time, insertion time, hold time, and retraction time
are set by the operator before the start of the preparation phase. The
biasing voltage and data recording are on throughout the discharge.

XIl. EFFECTIVE SHEATH AREA

A time trace of the voltage and calibrated current signals
recorded by one of the pop-up probes is shown in Fig. 21. The
applied voltage signal is from —180 to +20 V at 1 kHz. Typically,
the probe insertion time is programmed as 20 ms, followed by
a programmed 30 ms duration of probe exposure in the plasma.
Observations have shown that the real insertion time often is ~25 ms
orless. As a result, the analysis methodology involves evaluating data
starting from 25 ms after the onset of insertion and up to 25 ms
after the probe has been fully inserted. The current-voltage (I-V)
characteristics are obtained as explained in Sec. X.

The I-V curves for the pop-probes near the strike line from
one of the standard configuration discharges are shown in Fig. 26.
Since the incidence angle on the pop-up probe tips is roughly
around 24°, the IV characteristics show the non-saturation of the
ion currents,’”'>* but the increase in ion current with bias voltage
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FIG. 21. (a) Voltage and (b) current signals recorded by the pop-up probe on the
upper divertor at the strike line location.

is small and visible clearly only when the current is low. Although
the effect of non-saturation of ion current is small, nevertheless,
an appropriate sheath expansion model must be applied to obtain
meaningful values of the plasma parameters. Since the probes have
proud tips and are not flush mounted, the models such as given
by Weinlich and Carlson'® cannot be directly applied to the pop-
up probes. The sheath expansion model by Tsui et al.'® does not
include the effect of the different extent of magnetic pre-sheaths”’
of the probe and the surrounding wall. To appropriately address the
sheath expansion for the pop-up probes, we must subtract the area
of the probe sheath, which is shadowed by the sheath on the diver-
tor. The geometry of the probe partially shadowed by the divertor
sheath during plasma operation is shown in Fig. 22. Here, the sheath
on the probe is not shown for simplifying the geometry, but a sheath
is present above the probe as well. First, we want to calculate the
part of the probe, which is shadowed by the divertor. In Sec. VI, we
had described the calculation of lypimized> which is the perpendicu-
lar distance between penetration point and the base of the inserted
probe fin for a given magnetic configuration, such that the probe
of length Lprope = Laepin + L fin + loptimizea Will have its full oblique face
presented to the plasma but not the straight edge. This is shown in
Fig. 22 as the optimum probe position in the dashed line. The final
length of the probe was decided based on an optimization, which
takes into account all the relevant magnetic field configurations. As
stated in Sec. VI, the actual length of a probe is the minimum of
the probe lengths calculated for all the relevant magnetic field con-
figurations. Therefore, the actual probe length might deviate from
Lprope- The actual probe position will be a distance § below the
optimum position. We define a length luct = Lprobeact = Laepth = L fins
where Lpopeqct is the actual length of the probe; then,

8= optimized — Lact. (18)

In Fig. 22, the shadowed part of the probe face is Iy + Iy, The
thickness of the sheath above the grounded divertor {y, is calculated
by Weinlich’s sheath expansion model for a grounded surface. The
projection of {}, to the magnetic field is Dy = {}y, cos(f3), where f is
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FIG. 22. Pop-up probe tip and divertor geometry showing the part of the probe
shadowed by the sheath on the divertor and the part, which is exposed to the long
flux tubes.

the angle of incidence of the magnetic field on the divertor surface.
The angle of incidence of the magnetic field on the oblique probe
faceisi. Alength l,; = § sin(w)/sin(i) of the probe face is shadowed
by the chamfer edge, as shown in Fig. 22. The sheath on the diver-
tor will cast its shadow over a length Ig;, = Dw/sin(i) on the oblique
face of the probe. We can now add the next layer of complexity to the
problem, which is the sheath on the probe face. The geometry of the
probe-divertor sheath is shown in Fig. 23. We have already calcu-
lated the shadowed length of the probe face, la40wed = leur + Isp. The
effective length of the probe becomes Iy = 2Rp/cos(¥) — Lpadowed-
The effective length of the sheath exposed to the plasma is given by

lejf—sheath = lejf + ludd(Vbias)' (19)

lada(Vyias) is the length of the probe sheath that should be added
to the effective length of the probe to obtain the effective length of
the sheath on the diagonal face of the probe. I,53( Vi) is a func-
tion of the bias voltage V., and is equal to {p(Viygs)tan(i). {p is
the sheath thickness on the probe and is calculated from Weinlich’s
sheath expansion model."” The effective area of collection A, can
be easily calculated from the quantities derived thus far,

Aol = (ttotalleﬁ'—sheath - Acuro (1 + fH) )Sin (i): (20)
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a!’o"e _ 1 Optimum
divertor # | position
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1

FIG. 23. Pop-up probe tip and divertor geometry showing the part of the probe
shadowed by the sheath on the divertor and the part, which is exposed to the long
flux tubes along with sheath formed above the probe tip.
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FIG. 24. A sketch showing the top view of the diagonal face of the probe tip, out-
lined in black. The shaded areas on each side of the probe face is denoted by
Acurv - The total area of the probe face is calculated as the area remaining when
Acurv (1 + f1) is subtracted from the rectangular area tioar ler—sheath-

where f,, is the total thickness of the probe + sheath geometry
= (1 mm + 2{p). The Heaviside function fy is given by
fu=H({/tan (i) = Lpadowea)- This formulation ensures that the
curved area, Agrv, from the probe’s lower face is subtracted only
if the probe sheath from that region is shadowed by the sheath of
the divertor. To account for the sheath formation on the lateral sides
of the probe face shown in Fig. 24, an additional thickness of 2{} is
added to the probe thickness based on the perimeter sheath expan-
sion model described in Ref. 16. The sheath formation on the curved
sides of the probe face is not taken into the area calculation. In
Fig. 24, the right curved side of the probe face is largely shadowed
by the probe tip, while the left curved side is either fully or partially
concealed by the sheath over the divertor. The area of the curved part
is calculated by the following formula derived from the geometry of
the probe face as shown in Fig. 24:

Ao =

(Rpl'p(l - %cos@) - ORpY) (21)

o
cos (y)

where © = sin™'(0.5tp/Rp). The calculated area from Eq. (20) is a
function of plasma parameters (electron temperature T, and plasma
density n.) and the bias voltage V;,,. Demonstrating the outcome
of sheath expansion calculations, Figs. 25(a) and 25(b) illustrate
how sheath thickness and sheath area change with the bias voltage
applied to probe 1. As depicted in Fig. 25, both sheath thickness and
area expand with increasingly negative bias voltage. For compari-
son, Fig. 25(a) also includes the sheath thickness over the grounded
divertor surface, and Fig. 25(b) includes the probe’s projected area in
the absence of plasma. The sheath expansion with plasma includes
the expansion of the sheath on the sides of the probe tip as described
above, hence exceeding the probe’s projected area with a zero bias
voltage.

The expression for the current collected by the LP is given by

16

e(Vbias - Vf)

IProbe = ]SutAcgll[l —exp ( T
e

):| 5 V< Vplasma) (22)

where Vyjagma ~ V¢ + 3T,"" is the plasma potential. The relationship
between current and voltage for Langmuir probe data, as outlined
in Eq. (22), is based on the assumption of a Maxwellian electron
energy distribution. This assumption is commonly made for the
SOL plasma.'”'®*""* However, it is not always accurate. In the
scrape-off layer of tokamaks and stellarators, a bi-Maxwellian elec-
tron distribution is often observed.”*’ *° In this paper, we maintain
the premise of Maxwellian electron behavior. Addressing devia-
tions from the Maxwellian electron energy distribution in the W7-X
divertor plasma would require a comprehensive analysis of different
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FIG. 25. The variation of sheath thickness above probe 1 as a function of applied
voltage and sheath thickness on the grounded divertor is shown in (a). The pro-
jected areas of the probe after sheath expansion in plasma and without plasma
are shown in (b).

W7-X plasma operation scenarios, a topic that exceeds the scope of
this paper and is intended for future research. In high magnetic field
environment of fusion devices, applicability of Eq. (22) is reduced
where smaller than expected electron currents are observed.'®"’
Moreover, the value of Vs, is not known beforehand. Here, we
follow the usual practice for analyzing Langmuir probe character-
istic, which is to only use the part of the IV characteristic where
the bias voltage is more negative than the floating potential and
ignore the net electron collection part.*'*** A value of the float-
ing potential is first obtained from the IV characteristic, and this
initial estimate is used to exclude the net electron current part of
the IV characteristic. The estimated floating potential value also
serves as an initial value of Vy in the iterative fitting of the IV
characteristic.

The sheath expansion (SE) model adapted for the pop-up
probes is used to generate the curves marked as SE Fit in Fig. 26.
Figure 26 shows six IV curves for six TM2h probes, which are closer
to the strike line than other probes at the same toroidal angle for
the “standard” magnetic field configuration of W7-X. Probes 2, 3,
and 4 are directly under the strike line. Plasma parameters, namely,
electron temperature T, plasma density #., and floating potential
on the probe V', are obtained by fitting a sheath expansion model
on the experimental IV curves. The density and temperature profiles
obtained from the lower divertor probes for an experiment program
20230 323.030 are shown in Fig. 27 at two time instances t = 1.8 s
and t = 6.2 s. The radiation fraction at these time instances were
~28% and 90%, respectively. One can see the effect of higher radi-
ated power at t = 6.2 s on the density and temperature for the probes
close to the strike-line-peak, which is at ~5.2 m. For the detached
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plasma case (radiation fraction ~90%), the temperature is reduced
below 10 eV near the strike-line as expected.””*"* The probes posi-
tioned furthest away from the strike line measure very low densities
in the attached as well as detached cases.” '

In the profiles shown in Fig. 27, the data from probe at R
=542 m are not shown. During this discharge, the probe at R
=542 m deviated from its intended position inside the probe
holder, posing challenges in accurately determining its exposed area.
While a rough estimate of the probe area can be derived from
the current signals, this introduces substantial uncertainties in the
ultimate values of density and electron temperatures. There are
two more probes at R=5.52 and 5.55 m on the outboard side
at the same ¢ value, which are not included in Fig. 27. Due to
the small plasma density on the outboard side, the current sig-
nals from these probes were on par with the background noise of
the ADCs, rendering a reliable determination of plasma parameters
unfeasible.

Xlll. SUMMARY

The development, implementation, and successful operation of
pop-up Langmuir probes in the W7-X HHF water cooled divertor
are described. Fast reciprocation of the divertor Langmuir probes is
required in W7-X to avoid heating of the probe tips to unacceptable
temperatures. Assiduous engineering design and rigorous testing of
the reciprocating system have resulted in a robust probe-driving
assembly (drive unit) capable of fast reciprocation for over 400 thou-
sand reciprocation cycles. Nine such drive units are installed each
in the upper and lower divertor of module 5 of W7-X. In total,
18 drive units are installed. Two probes are attached to each drive
unit. The control of the drive unit is through a voltage signal wave-
form from an AO device. The operation of the drive units and probes
is automated, and the operator has to provide the (1) pop-up time:
for when during a plasma discharge the probes should be plunged-
in; (2) insertion time: to calculate the speed of insertion and hence
the voltage output required from the analog output generator; (3)
hold time: to calculate the amplitude of the voltage signal and dura-
tion of the signal for which the probes should be exposed to the
plasma; and (4) retraction time: to calculate the speed of retraction
and hence the voltage output required from the analog output gen-
erator. The motion, temperature, and resistance of the moving drive
coil can be monitored using the drive voltage and current signals.
An important feature of the diagnostic is that the tungsten probes
can be replaced if required. The drive units are installed behind the
divertor and therefore become inaccessible; therefore, the access to
the probes and their replaceability is ensured by the design of the
probe holders. The probes have been designed after calculating the
length of each probe such that the probes would not present a lead-
ing edge in any magnetic configuration where moderate to high heat
fluxes are expected on the probe. The maximum projected length of
the probe is designed to be (1 + 0.1) mm for any magnetic field con-
figuration. For the data analysis, a sheath expansion model based on
the geometry of the proud Langmuir probe tips and oblique angle of
magnetic field incidence on the divertor surface and probes is used.
The results obtained from the model fit with experimental observa-
tions, indicating that the increase in the collection area is reproduced
in the model.
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FIG. 26. IV characteristics for the six pop-up probes in target module 2h of the lower divertor from a “standard configuration” discharge. Every IV curve shown is an average
of 25 individual IV curves, collected over a period of 25 ms.

a) } time=18s such that no part of the fin is shadowed. The value of lyimizeq can be
— 10 . : Iculated by using the following relation:
- —§— time =625 calculated by using the following relation
E
2 5 Loptimized = Lehamfer[tan (B) cos () + tan () sin («) tan (a — )]
< ~ R, tan (B). (A1)
0
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40
b) Next, we consider the situation where the magnetic field is
30 converging onto the penetration point as shown in Fig. 29. The
< unoptimized probe with probe length Ly, + Lj, is shown in the
% 20 divertor. This geometry poses a leading edge to the flux tube. In this
case, a length should be subtracted from the probe length such that
10 the leading edge is shadowed by the chamfer edge and only the diag-
0 onal face of the fin makes contact with the flux tube. As a result of
5.15 5.20 5.25 530 535 540 545 5.50
R [m]
FIG. 27. Profiles of plasma parameters measured by the upper divertor probes in divertor Final probe
the discharge 20230 323.030. (a) and (b) The ne and T profiles, respectively, at Probe  fnormal ¢ positio

two time instances. Each measurement point is an average value over 25 ms. axis ! initial orob
; Initial probe

o position
-
B 7
—
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’ 4 ¢

Divertor

We consider two situations for magnetic field incidence on
the pop-up probes, which are possible in W7-X. First, where the
magnetic field is diverging away from the penetration point P as
shown in Fig. 28. Figure 28 shows a probe in the initial probe posi-
tion or unoptimized probe position, with the probe length equal
t0 Lepth + L fin» Where Lg, = 2R, tan(y) is the length of the fin, as

€0:€S'7L 20T Ae €0

shown in Fig. 28. In this configuration, a part of the probe is shad-
owed by the chamfered edge. If a length equal to Lypimizea is added
to the probe length, the fin would be shifted upward and the mag-
netic field would make contact with the probe at the base of the fin

FIG. 28. The case (exaggerated) where the magnetic field is diverging away from
the penetration point and an unoptimized probe length is shown installed in the
divertor. The inclined edge of the probe face is exposed to the particle and heat
flux.
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FIG. 29. Exaggerated: The case where the magnetic field is converging onto the
penetration point and an “unoptimized” probe is shown installed in the divertor. The
straight edge of the probe is exposed to the particle and heat flux. This part of the
probe is magnified to show the lengths needed to be calculated to come up with
the final length.

this reduction in the length, the value of lyimizeq is negative, and it is
calculated as

Loptimized = Lgap[tan (B) cos (&) + tan (B) sin («) tan (« + )]
- R, tan (). (A2)

Given that lypimizes may have either a positive or negative value, the
overall length of the optimized probe is determined by using the
following equation:

Liotar = Ldepth + Lﬁn + loptimized- (A3)

The determination of R, (= 0.98 mm) was guided by consid-
erations of divertor space and the need to ensure minimal friction
during the probe’s reciprocating movement. The value of Ly, is
established using the second optimization criterion, which centers
on achieving a projected length of ~1 mm for the probe tip. This
projected length, denoted as Ly, is calculated as Lpwoj = 2R, sin
(y + a+ B)/cos(y). By setting Lyroj = 1 mm, it becomes feasible to
calculate the corresponding y values for diverse magnetic configu-
rations (i.e., distinct 8 values) relevant to a given probe. An average
y value is derived and standardized for the most frequently
employed magnetic configurations specific to that probe. For each
individual probe, ¢ may vary and falls within the range of 24°-33.5°.
The final Lg, is Lg, = 2R, tan(y).

The occurrence of either of the aforementioned conditions for a
probe depends on the specific magnetic field arrangement. To deter-
mine the projected length of the probe, lypimizq is computed for each
magnetic field setup. From these calculated values, a single lyimized
is selected for each probe to establish its individual length. This
procedure is carried out independently for each probe. For every
probe, a compilation of relevant magnetic configurations is gener-
ated. A configuration is considered relevant if the probe experiences
substantial heat flux under those magnetic conditions. Among the
calculated Iypfimizea Values for all pertinent magnetic configurations,
the one resulting in the minimum total probe length is chosen for
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each specific probe. This process ensures that the probe’s length is
optimized based on the most crucial magnetic configuration, which
corresponds to the scenario where the probe’s exposed length was
longest in its unoptimized state. This sequence is reiterated for all
36 probes, generating 36 distinct Lyyimizes Values. Subsequently, the
total probe length is recalculated for each probe using the designated
Loptimized values, culminating in the final aggregate probe length. Cer-
tain probes share identical y values, and their total lengths exhibit
marginal differences. For these probes, opting for the shortest total
length value retains the overall length uncertainty under 0.1 mm.
Consequently, the smallest total length value is selected for this
group of probes.
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