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ABSTRACT

Stellarator design has substantially improved over the past decade, but stellarator edge
physics, especially in terms of heat and particle exhaust, is still not well-understood. Codes such
as EMC3-EIRENE [8] are being used to model 3D edge physics, but these simulations must be
informed by experimental measurements. Two important quantities that will be measured in the
HSX edge are the perpendicular particle diffusivity, D, and the perpendicular thermal diffusiv-
ity, x 1. This work includes a comprehensive literature review, calculations that show that power
deposition measurements are possible in HSX, preliminary diagnostic and experimental design

ideas, and an outline for what will become a dissertation topic.



Experiment | Date | D, (m? s71) | y; (m?s71)
JET 1988 0.1-10
JT-60U 1992 2-6
ASDEX 1992 0.5-2.5
ASDEX-U | 1995 0.1-0.3 0.25-1.5
JET 1998 0.05-1.0
C-MOD 2000 0.01-1 0.1-0.5
W7-AS 2001 0.4-0.8 1.2-24
DIII-D 2003 0.08-0.15 0.25-0.8
TEXTOR | 2003 0.2
JET 2004 1
LHD 2006 0.1-0.8

Table 0.1 Values of D, and y, from the literature. [2,7, 11, 13-20]

0.1 Introduction

Recent advances in stellarators have prompted the need to better understand edge physics for
purposes of heat and particle exhaust. Codes such as EMC3-EIRENE [8] are being used to model
3D edge physics and can provide important insights about edge flows, island structures, power
deposition, and neutral particle interaction. However, experimental measurements must be used
to guide such computational studies.

Two important pieces of the edge physics puzzle are the perpendicular particle diffusivity,
D, and the perpendicular thermal diffusivity, y,. Together, these values determine the nature
of edge behavior. Experimental values of these perpendicular transport coefficients vary between
experiments and also within experiments. Measured values from the literature are cataloged in

Table 0.1.
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Figure 0.1 EMC3-EIRENE calculations for HSX courtesy of A. Bader. The left plots are n.V)
for a large island configuration. The right plots are power deposition on the wall for a small island
configuration. D = 1.0 m?/s in the top plots and D = 0.25 m?/s in the bottom plots. In these
simuulations, x, = 3D, . [1]

In EMC3-EIRENE, D, and x, are both adjustable user inputs. Typically x, = 3D, al-
though each parameter can be varied independently. One of the goals of this research will be to
determine if the common assumption x; = 3D, is in fact a good approximation.

If D, and y, are small, the edge structures are very clear and well-formed. If these co-
efficients are large, the edge structures become blurred and there are no sharp boundaries be-
tween flow structures, islands, or regions of high power-deposition. This is illustrated for HSX in
Fig. 0.1. Consequently, it is very important that the values of x; and D, used in these simulations

are informed by experiment.
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Figure 0.2 Triple-probe edge measurements courtesy of B. Wilcox. These measurements were
made in the HSX outboard midplane in the QHS configuration. These measurements will be
compared to EMC3-EIRENE predictions for various values of D, and x .

0.2 Initial probe comparisons

A relatively straightforward first step is to compare measurements which have already been
made to EMC3-EIRENE predictions of edge temperature and density. B. Wilcox has measured
the HSX edge temperature and density profiles at the outboard midplane with a triple probe. These
measurements are shown in Fig. 0.2.

These measurements will be compared to EMC3-EIRENE predictions with various values of
D and x . This comparison will provide some insight into how the values of these coefficients
are expected to impact the edge gradients. A second set of radial measurements of 7., and n. at the
top of the HSX boxport may soon be available for additional comparison courtesy of A. Akerson.
These measured edge gradients will be able to provide some constraints on the values of D, and
XL-

Since stellarator edge behavior is complex, 1D radial measurements will not provide enough
information to fully characterize D, and y . 2D measurements of the IR power deposition foot-
print can be used to determine y; and similarly, 2D measurements of the hydrogen/impurity line
emission footprint can be used to determine D . In the following sections, both measurements

will be described in detail.



Measurable range | 3.6-5 ym
Refresh rate 60 Hz
Precision 0.1°C
Accuracy +2°C

Table 0.2 HSX FLIR Prism DS IR Camera specifications
0.3 Infrared power deposition measurements to determine y |

Infrared measurements can be used to infer a value of x| , the perpendicular thermal diffusiv-
ity. This measurement can be compared to the EMC3-EIRENE predictions. A parameter scan of
the value of x, will be used to find the value that yields the closest agreement with the measured

footprint. This value will be the value of x in the HSX edge.

0.3.1 Preliminary calculations

Preliminary calculations were necessary to first determine if power deposition measurements
are feasible in HSX. Since IR cameras measure AT, the temperature rise of a target with a known
thermal emissivity, this temperature rise must fall within the resolvable range of an IR camera.
Specifications for the HSX IR camera are summarized in Table 0.2. Predicted temperature rise
calculations for both the HSX vacuum vessel and limiter are detailed below.

In a typical HSX plasma shot with 100 kW of launched RF power, approximately 96 kW are
delivered by the RF system to HSX. Of this 96 kW, approximately 25 percent (a conservative
assumption) is absorbed by the plasma and another 15 kW is radiated by the plasma. This leaves
approximately 10 kW to be deposited by the plasma. HSX plasma shots are typically 50 ms
long, so in a typical HSX shot, approximately 500 J of energy are deposited by the plasma. The
predicted temperature rise due to this deposited energy is calculated for both the HSX vacuum

vessel and a target.
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Figure 0.3 Calculation by J. Canik of the strike points in the HSX vacuum vessel. This calculation

followed particles from 2 cm outside the HSX separatrix until they collided with the vacuum
vessel. [3]

Emissivity 0.55
Heat capacity 0.5 J/g/°C
Thermal diffusivity | 4.2 mm?/s
Density 7600 kg/m?

Table 0.3 Properties of stainless steel

0.3.2 Power deposition footprint on the HSX vacuum vessel

The HSX vacuum vessel is 1/4 inch stainless steel. Relevant properties of stainless steel are
listed in Table 0.3. The surface area of the HSX vessel is approximately 10.5 m?.
The thermal diffusivity of an material, «, is approximately the rate at which heat can spread

through it. Its relationship with temperature, distance, and time is summarized in the heat equa-
tion:
oT

5 = aV2T (0.1)

When solved, this equation shows that L, the characteristic distance heat can travel, is approxi-

mately

L=Vat 0.2)



Surface Area | Area (m?) | Mass (kg) | Blackbody Rise (°C) | Actual Rise (°C)
5% 0.525 1.827 0.547 0.301
10 % 1.05 3.655 0.274 0.151
25 % 2.625 9.137 0.109 0.060
50 % 5.25 18.27 0.055 0.030

Table 0.4 Predicted temperature rise for several fractions of surface area of the HSX stainless
steel vacuum vessel.

This means that for the HSX vacuum vessel, heat can travel approximately 0.458 mm during a
50 ms shot. As a result, the HSX vacuum vessel appears to be approximately 0.458 mm thick,
roughly 7 percent of the total vessel thickness. It is believed that the power is deposited on the
HSX vacuum vessel in a strike point pattern (shown in Fig. 0.3) generated by following particles
along a field line outside the separatrix. If the value of x, was equal to zero, the heat deposition
would fall exactly on these strike points. If the value of y, is larger, the deposition will be spread
over a greater surface area. Table 0.4 summarizes calculations for heat deposition on 5, 10, 25,
and 50 percent of the surface area of the HSX vacuum vessel.

These calculations indicate that measuring such small temperature rises on the HSX vacuum
vessel would be difficult. The predicted temperature rise values are at the limit of the resolv-
able range of the current HSX IR camera; making these measurements would likely require a

significantly more sensitive IR camera.

0.3.3 Power deposition footprint on the HSX limiter

We now consider the predicted temperature rise on the HSX limiter. This graphite limiter is
approximately 40 cm? and is located at the top of HSX boxport C. Relevant properties of graphite
are listed in Table 0.5. As above, we calculate that in a 50 ms shot, the thickness of the limiter
appears to be approximately 0.424 mm.

C. Clark has calculated that when inserted 1 cm into the HSX plasma, the limiter intercepts 45

percent of field lines. Assuming that the heat is distributed evenly throughout the field lines, the
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Figure 0.4 (left) Calculation by C. Clark of the field line termination point density on the HSX
limiter. These calculations show that 45 percent of field lines are intercepted by the limiter when
inserted 1 cm into the HSX plasma. Additionally, they indicate that a 2D footprint pattern may be
observed. (right) A photograph of the actual HSX limiter. Signs of erosion/deposition are visible
at the inner edge of the limiter, suggesting that the field line termination pattern is similar to what
is predicted.

Emissivity 0.7
Heat capacity 0.71 J/g/°C
Thermal diffusivity | 3.6 mm?/s

Density 2.1 g/lem?

Table 0.5 Properties of graphite

limiter would absorb 225 J during a plasma shot. Table 0.6 summarizes the predicted temperature
rise of the limiter. These calculations indicate that the predicted temperature rise of the limiter,
approximately 60°C, should be well within measurement limits. C. Clark also calculated the field
line termination point density on the limiter shown in Fig. 0.4. This calculation suggests that a
2D footprint pattern should be measurable on the HSX limiter with the largest emission values
closest to the plasma. Photographs of the limiter after it was installed in HSX indicate indicate
that there is erosion/deposition occurring at the inner edge of the limiter as predicted.

Using the limiter rather than the HSX vessel wall as a target has the additional advantage that

it can be very precisely spatially localized. It can also be moved radially in and out of the plasma



Area (cm?) | Mass (g) | Blackbody Rise (°C) | Actual Rise (°C)
40 3.528 88.98 62.28

Table 0.6 Predicted temperature rise for the HSX limiter.

and the SOL to study the “focusing” behavior of the field lines and to study the edge parameters
as a function of this focusing and of radial position.

TEXTOR [9] has successfully used an IR camera to measure the power deposition footprint
on its Dynamic Ergodic Divertor (DED). An IR image that has been mapped into toroidal and
poloidal coordinates is shown in Fig. 0.5. Temperature rises of 80 to 140 °C were measured and

a helical pattern can be observed.
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Figure 0.5 IR image of TEXTOR DED divertor. [9] The green lines guide the eye along the
helical stripes.

To make a comparison between experimentally measured temperature rise and heat flux, a 2D
heat conduction code such as THEODOR [12] or a 3D heat conduction code such as TACO [4],
both of which are currently being used at NSTX and other experiments, can be used to calculate
the heat flux profile on the limiter from the measured surface temperature. This calculated heat

flux profile can then be directly compared to simulated heat flux profiles from EMC3-EIRENE.



(a) Spectrally unfiltered image with homo- (b) CII (514 nm) emission during divertor
geneous {llumination of the target tiles operation (#106585).
during the breakdown of the discharge.

Figure 0.6 An unfiltered image (a) and a C-II optically filtered image (b) of the TEXTOR divertor
during operation. [5]

0.4 Line emission measurements to determine D |

Neutral species line emission measurements can be used to infer the value of the perpendicular
particle diffusivity, D, . These 2D line emission measurements can be compared to the EMC3-
EIRENE predictions. A parameter scan of the value of D, will be used to find the value that
yields the closest agreement with the measured footprint. This value will be the value of D in
the HSX edge.

Both hydrogen (H-alpha) and carbon (C-II or C-III) emission will be measured since it is not
yet known which line(s) can provide the best measurement fidelity. Since the HSX limiter is
made of graphite, plasma particles will cause physical carbon sputtering when they collide with
the limiter. Other experiments, including TEXTOR [5], have successfully used this technique.

Measuring H-alpha emission may also provide localized particle deposition information.

0.4.1 Using EMC3-EIRENE output to generate synthetic emission images

H. Frerichs et al. have demonstrated a method to generate synthetic H-alpha emission from
EMC3-EIRENE outputs. [10] A comparison between measured and synthetic emission is shown
in Fig. 0.7. H. Frerichs has recently provided these modules to A. Bader, a collaborator on this

research, who has been able to implement them for HSX simulations. These modules can be
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Figure 0.7 (left) A mapped image of measured H-alpha emission. (right) A simulated camera
image generated by Frerichs et. al by using EMC3-EIRNE outputs. [10]

used as a synthetic diagnostic to predict line emission for all species of interest. This synthetic

emission can then be directly compared to the camera measurements.
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Figure 0.8 The HSX CHERS system toroidal view. It is installed in field period B and is designed
to image the CHERS beam near boxport B. This design will be used as a guide to design the
IR-CCD camera diagnostic.

0.5 Preliminary diagnostic design

To make measurements of the 2D footprint on the limiter, a view for the camera roughly
perpendicular to the surface of the limiter will be required. The HSX limiter is located at the top
of boxport C and there are currently no ports available that can directly provide this perpendicular
view. However, the 8 inch port in field period C is available and by using a mirror in very much
the same manner as the CHERS toroidal view (pictured in Fig. 0.8), we believe we can provide
a nearly perpendicular view of the limiter. Using AutoCad, we will first verify that this view is
possible from the 8 inch port. We will then use the CHERS system as a template to design a
mirror system that is capable of imaging the limiter.

We will be begin by making measurements of the IR emission from the limiter. This will
require a mirror system that is reflective in the IR and also a special window, such as sapphire,
that is transparent in the IR. Once the internal mirror system is installed, an external mount will
be designed so that the camera can view the limiter.

Once this concept has been successfully used to measure and characterize the IR footprint
under a variety of experimental conditions, we can switch the system to make a particle emission

measurement. If we design the system with this dual-purpose measurement in mind (i.e. using
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wideband windows and mirrors), only the camera and optical filters will need to be changed. The
appropriate optical filter for each emission line can be inserted to provide filtered light to a CCD

camera and obtain a 2D image of the footprint on the limiter.

0.5.1 Mapping measured image into grid coordinates
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Figure 0.9 This figure illustrates the process used by Clever to map an image into poloidal and
toroidal coordinates. [5,6]. The LEOPOLD grid is shown in (a) on the top left. Once this grid
was created, the measured photons were mapped into the grid (shown in (b) on the top right). The
LEOPOLD code was then used to map the pixels into poloidal and toroidal coordinates (shown
on the bottom).

Once this footprint measurement is made, it will be necessary to use image-processing to
transform the emission into coordinates which can be easily be compared to EMC3-EIRENE

calculations. A software package such as AutoCad Inventor and an image mapping code will
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be necessary to map the image pixels from lab coordinates to poloidal and toroidal coordinates.
Once this mapping has been accomplished, the measured and synthetic emission can be directly
compared.

This procedure was successfully used by Clever in his dissertation work at TEXTOR. Fig. 0.9
is taken from Clever’s thesis and subsequent publication and depicts how CCD camera images
were transformed from lab space to poloidal and toroidal coordinates using the image mapping
code LEOPOLD. [5,6] LEOPOLD currently appears to be managed by T. Eich at the Max Plank

Institute in Garching.
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0.6 D, and y, parameter dependencies

One of the major goals of this work is to explore the dependencies of ), and x; on various

HSX parameters:

e Magnetic configuration
Small islands (QHS)
Large islands (9% Hill)

Connection length distribution

Magnetic field strength (0.5 and 1.0 T) (observed at LHD [20])

Heating power (50 and 100 kW)

Radial position of limiter

Central T, and n, (observed at LHD [20] and W7-AS [11])



15
0.7 Summary

The goal of this work will be not only to make measurements of D; and x, in the HSX
edge, but also to determine the parameter dependencies and the basic physics (i.e. neoclassical or
turbulent transport) that govern these quantities. Does the common assumption y; = 30D, hold?
Can y, be experimentally increased to increase the plasma wetted area, as will be required in a

true reactor? This study will aim to address these as yet unanswered questions.
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