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Abstract

In Tokamak and Stellarator experiments on magnetic confined fusion the
behavior of the plasma edge is very important for the characteristics of the
whole plasma and for plasma wall interaction. Therefore diagnostics on the
plasma edge are indispensable, they have to offer data at a high quality level
to enable reasonable analysis of the plasma. The necessary high temporal and
spatial resolution can only be reached by active diagnostics, like spectroscopy
using neutral atoms beams.

The Li beam impact excitation spectroscopy (Li-IXS) delivers routinely elec-
tron density profiles and the Li beam charge exchange spectroscopy (Li-CXS)
provides ion temperature and density profiles for selected discharges. Several
advantages of replacing Li with Na are expected for these diagnostics. After a
complete dataset of plasma particles - Na collisions is available [I], first experi-
ments with combined Li/Na beams are carried out. So without disturbing the
Li-IXS the validity of the underlying database is proven and a first view on the
capabilities of the Na beam is given. Optical filters are purchased and the di-
agnostics program codes are adapted for Na beams. The influences of electron
temperature and plasma impurity profiles are analyzed and considered to be
low, while dedicated Na-IXS experiments are run for several weeks of operation.

The acquired data on a wide range of plasma discharges at ASDEX Upgrade,
including the Standard and Improved H-Mode as well as He and H plasmas,
enable a detailed analysis of the Na-IXS capabilities. In the main application,
electron density evaluation on the plasma edge of deuterium H-Mode discharges,
the Li beam performance is nearly equaled, but not exceeded by the Na beam,
mainly due to the slightly deteriorated beam penetration depth. However, in
other fields, like He plasma edge electron density, the Na beam could surprisingly
top the Li beam capabilities.



Kurzfassung

In Tokamak und Stellarator Experimenten an magnetisch eingeschlossenen
Kernfusionsplasmen ist das Verhalten der Plasmarandschicht sehr wichtig fiir die
Eigenschaften des gesamten Plasmas und der Plasma-Wand-Wechselwirkung.
Daher sind Diagnostiken, die Daten hoher Qualitéit iiber die Plasmarandschicht
liefern, unverzichtbar fiir eine sinnvolle Analyse des Plasmas. Die notwendige
hohe zeitliche und rdumliche Auflssung kann nur von aktiven Diagnostiken er-
reicht werden, wie die Spektroskopie von neutralen Atomstrahlen.

Die Lithiumstrahl Stoanregungsspektroskopie (Li-IXS) liefert routinemé8ig
Elektrondichteprofile und die Lithiumstrahl Ladungsaustausch- spektroskopie
(Li-CXS) stellt fiir ausgewéihlte Entladungen Ionendichte- und -temperaturprofile
zur Verfiigung. Durch den Ersatz von Lithium durch Natrium erwartet man sich
einige Vorteile fiir diese Diagnostik. Nach der Verfiigbarkeit eines kompletten
Datensatzes von Plasmateilchen-Natrium-StoBen [I] werden erste Experimente
mit gemischten Li- / Na- Strahlen durchgefithrt. So wird die Validitit der zu-
grundeliegenden Datenbasis bewiesen, ohne die Li-IXS zu storen, und ein erster
Einblick in die Eigenschaften des Natriumstrahls gegeben. Optische Filter wer-
den angeschafft und die Programmcodes der Diagnostik werden fiir Na Strahlen
adaptiert. Der Einfluss der Elektronentemperatur und -dichte wird ana-lysiert
und fiir niedrig befunden, wiihrend dezidierte Na-IXS Experimente fiir die Dauer
einiger Wochen durchgefiihrt werden.

Die erworbenen Daten auf einem weiten Bereich der Plasmaentladungen
an ASDEX Upgrade, welche Standard und Improved H-Moden genauso wie
He und H Plasmen enthalten, erméglichen eine detaillierte Analyse der Eigen-
schaften und Moglichkeiten der Na-IXS. In der Hauptanwendung, Elektronen-
dichteauswertung am Plasmarand von Deuterium H-Mode Entladungen, wird
die Lithiumstrahl-Performance vom Natriumstrahl beinahe erreicht, aber nicht
iibertroffen, vor allem wegen der geringfiigig reduzierten Eindringtiefe des Strahls.
Jedoch konnte der Natriumstrahl in anderen Bereichen, wie etwa Elektronen-
dichtemessung der Randschicht von He Plasma, iiberraschenderweise die Fahig-
keiten des Lithiumstrahls tiberbieten.
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Chapter 1

Introduction

1.1 Nuclear Fusion

Nuclear fusion is the energy source of stars like the sun, and nowadays a very
large fraction of energy consumed on earth has its origin in the radiation arriving
from the sun. Nuclear fusion is the fusion of two light nuclei to one heavier nu-
cleus. In most of these processes for light nuclei, binding energy and additional
particles (like neutrons or protons, carrying the main part of the energy) are
released. Since the time these processes have been discovered and understood
there are plans to use them as a source of energy in commercial power plants.
While the first fission power plants have already produced energy for several
decades, it turned out, that a nuclear fusion power plant is much more challeng-
ing. The most promising approach is thermonuclear fusion, where plasmas are
confined at high temperatures.

The fusion reaction with the cross section leading to the highest fusion rates
under terrestrial achievable conditions is the following [2]:

D+T —*He+n+17.58 MeV (1.1)

While deuterium D (a heavier isotope of hydrogen H) is available in sea
water in huge amounts the short-living tritium 7" has to be bread from lithium
Li using the following reactions [2]:

"Li+n — *He+T+n—2.47MeV (1.2)
SLi+n — *He+T+4.78MeV

To use nuclear fusion as an energy source it is necessary to get more energy
out of the fusion reactions than is needed to sustain the reaction conditions
and is lost during conversion of binding energy in heat and finally electrical
energy. Ignition of the plasma is reached, if the fusion reaction is sustaining
itself. The main condition that has to be fulfilled to reach energy amplification
or even ignition is to keep the so-called "triple product" of ion density n;, ion
temperature 7; and energy confinement time 7 g high enough (Lawson criterion)

[3:

n; Ty -7 > 10%

keV's
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Figure 1.1: ASDEX Upgrade, description of the main (structural) components
and coils [4].

One way of confining the plasma is the magnetic confinement, done in
toroidal configurations. Here the two main concepts are the Tokamak (like
ASDEX Upgrade, fig. and the Stellarator (like W7-X, fig. . In both
machines the confinement is achieved by a toroidal and a poloidal magnetic
field. While the poloidal component is produced by additional external coils or
very specially shaped coils in a Stellarator, the Tokamak uses an induced plasma
current for the poloidal field component. The plasma current in a Tokamak is
also an efficient way of heating up the plasma (ohmic heating), but it can only
be kept for a limited pulse period because it is induced by the central OH-coil.
Depending on the Tokamak the pulse lengths lie within several seconds and one

hour. [2], [3], [4]

1.2 ASDEX Upgrade

ASDEX Upgrade (Axialsymmetric Divertor Erperiment, also abbreviated as
AUG, fig. is a medium sized Tokamak (major radius R = 1.65m, minor
radius ¢ = 0.5m) at the Max Planck Institute of Plasma Physics in Garch-
ing / Germany with high external heating power (up to 28 MW) and a pulse
length of up to 10 seconds, in operation since 1991. It is an ITER-like con-
figuration, with high shaping capability and single or double null divertor. In
1996 a tungsten coated divertor was installed and since 2008 ASDEX Upgrade
is a full tungsten machine (first wall). Its predecessor ASDEX was the first ma-
chine operating in the high confinement mode (H-Mode). ASDEX Upgrade still
enhances performance with advanced plasma scenarios like the "improved H-
Mode" and non-inductive current drive. Another important field is the control
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‘ additional coils
magnetic coil fieldline

Figure 1.2: design of the superconducting Stellarator W-7X showing field lines
and magnetic coils [4].

and mitigation of edge localized modes (ELMs). [], [5]

1.3 Plasma edge diagnostics

The so-called plasma edge is the outer region of the plasma. It is the area
around the separatrix, the border between the closed flux surfaces inside the
plasma and the open flux lines that end up in the divertor. This latter region
is called Scrape Off Layer (SOL).

The investigation of the plasma edge is very important in each fusion device.
For H-Mode investigations (for instance at ASDEX Upgrade), the steep gradi-
ents of electron density n. and electron temperature T, occurring in the edge
transport barrier (ETB) zone, are of special interest. These gradients have to be
analyzed by diagnostics of high spatial resolution (< 10mm). A high temporal
resolution is necessary for a detailed investigation of ELMs (< 1ms).

For most plasma parameters, as for instance electron density, these require-
ments can only be met by "active" diagnostics. Diagnostics for electron density
measurements use for example Thomson scattering of Laser beams [6], [7], reflec-
tion of microwaves [§], [9] or runtime-delay of infrared light. Another possibility
is to measure the interaction of neutral atom beams with the plasma [10], [I1],
[12]. Concerning the plasma core neutral H-beams used for plasma heating are
also used for diagnostic purposes. In the plasma edge Li or Na beams are used
[13], [14], [15], [16]. The interaction leads to characteristic line emission, its
spatial intensity profile contains the information about the plasma.
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Combining different diagnostics that measure the same plasma parameter is
used to increase the performance (quality, accuracy, resolution or range) (see
5.4} [17]).

Coordinate systems

In ASDEX Upgrade a set of different coordinate systems is used, each is ideal
for a certain application or diagnostic. In the following the coordinates used in
this work will be listed, defined and described:

(Rmaj,2) The major radius Ry,q; and the height from the magnetic midplane
z form the main cylindrical coordinate system in ASDEX Upgrade, the
usual unit is m. Because of the axial symmetry in most applications the
toroidal angle as third coordinate is neglected.

Ppor The normalized poloidal radius p,,, is zero at the central plasma flux line
and 1 at the separatrix position. It describes the relative position in the
plasma in one dimension, the related poloidal angle plays a minor role.
Because the plasma position and shape varies within discharges the trans-
formation to the (Ry.aj, 2)-system also changes. These transformations
are provided by plasma diagnostics with temporal resolutions of several
ms.

Rnidplane measures the radial position, mapped to the magnetic midplane (z =
0), in terms of Ry,q;.

z in the context of the Na/Li-beam diagnostic is the beam coordinate, varying
from 0 to 15cm. Sometimes it is also called z. The origin lies close the
outermost observed beam position, the innermost channel is near 15 cm.
The beam coordinate is used internally in the Na/Li-beam evaluation and
modeling programs and can be easily transformed to the (R,,,;, z) system
and further to other coordinates.

1.4 Structure of this diploma thesis

Chapter 1 gave an introduction on the topic

Chapter 2 describes the experimental setup of the Li/Na beam diagnostic at
ASDEX Upgrade. The expected advantages of the use of Na as compared
to Li are pointed out.

Chapter 3 is about the rate coefficients for collisions of Na atoms with plasma
particles and their calculation.

Chapter 4 explains the Na beam attenuation modeling and gives first exam-
ples.

Chapter 5 describes the different algorithms applied for electron density cal-
culation, namely the shooting method and the Bayesian Ansatz.

Chapter 6 deals with the dependence of electron density evaluation on sec-
ondary input data like plasma temperature and impurities.
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Chapter 7 lists and discusses the experimental results acquired within 3 Na
beam campaigns at ASDEX Upgrade.

Chapter 8 points out if the several expectations towards the Na beam could
be fulfilled and gives a summarized comparison between Na and Li beam.

Appendix In the appendix the beam coordinate change due to different re-
fraction is quantified and all relevant implementation details of the used
evaluation programs are listed.

Some result of this thesis have already been published: [18]



12

CHAPTER 1.

INTRODUCTION




Chapter 2

Experimental setup

2.1 General setup of Li/Na beam diagnostic at
ASDEX Upgrade

The Lithium beam diagnostic at ASDEX Upgrade delivers routinely edge elec-
tron density (n.) profiles and ion temperature (7;) and density (n;) profiles for
selected shots. The setup consists of three main parts: The beam line producing
the neutral beam, the two optical heads with attached optical instruments and
the programs calculating the requested data from the measured data.

The beam production works as follows: Li-Ions are emitted from a heated
[-eucryptite (LiAlSiO4) cathode and accelerated in two steps up to energies
of usually 40 — 60keV. The focused beam passes through a beam chopper (de-
flection plates) that allows to pulse the beam to allow background radiation
measurements. Then the Li-Ions beam is neutralized in a sodium cell. This
is necessary because otherwise the strong magnetic field in ASDEX Upgrade
would deflect the beam when it leaves the iron-shielded beam production part.
The neutralized Li beam then passes through a shutter into the main vessel of
ASDEX Upgrade and collides with plasma particles. The position and direction
of the beam is shown in figures

Photons emitted in the course of these collisions are observed by two optical
heads, one on the upper part of the vessel, the other on the lower part, as shown
in figure[2.1] From both optical heads the light is guided outside through optical
fibres. The upper optics consist of 35 fibre channels equipped at the end with
filters and photomultipliers and is called IXS (impact excitation spectroscopy).
It is routinely used to provide electron density profiles at high spatial (5mm)
and temporal (50 us) resolution. The lower optics consist of 18 fibre channels
that are split and guided to 2 Czerny-Turner-spectrometers connected to frame
transfer(EM-)CCD cameras. The lower optics is called CXS (charge exchange
spectroscopy) and mainly used for measuring impurity ions [19], [20], [21], [22],
[23]. It can also be used for deriving electron density profiles, but with lower
spatial and temporal resolution than the IXS. 4 channels of the lower optics are
used for density fluctuation measurements. Passive applications like measuring
the radial electric field by the Doppler-shift of a He-line are also possible [24].

The measured data of the IXS are written into the shotfile as diagnostic
LIB, the raw data of the lower optics are written to LIA and LIC. Out of these

13
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Figure 2.1: poloidal cut through the vacuum vessel of ASDEX Upgrade in the
plane of the Li beam diagnostic [4].
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Figure 2.2: toroidal view (from above) at the quarter section of ASDEX Up-

grade, where the Li beam diagnostic is positioned [4].
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Figure 2.3: Typical time traces (AUG # 23074) for the lower optics (LIA, units:
CCD counts) and the upper optics (LIB, signal voltage) showing time intervals
where the beam is "on" and "off".

data a number of different algorithms can provide the requested profiles. For
electron density calculations the methods named diagnostics LID, LIN and IDA
(see chapter [5) are used routinely. For this work a similar program was adapted
to provide electron density profiles from LIA and LIC data (see also [25]).

2.1.1 Doppler shift for lower and upper optics

Due to the motion of the beam atoms relative to the direction of observation,
the emitted light is Doppler shifted. Both optics have in principle different lines
of sight: The lower optic observes the beam from the back, while the upper
optic observes the beam from the front (see fig. [2.4). Additionally the
observing angle differ slightly from channel to channel. For the upper optics
and the Na beam the shift is between —0.42nm (Li: —0.67nm) for channel 35
and —0.63nm (Li: —1.01nm) for channel 1. For the lower optics the shift is
positive with similar absolute values.

2.1.2 Temporal resolution and chopping period

As already mentioned in[2.1] a beam chopper is used to stop the beam for 24 ms
within a period of 80 ms, resulting in "beam on" periods of 56 ms. The temporal
resolution of the lower optics with 4 ms is smaller than for the upper optics with
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Figure 2.4: The experimental setup of the Na/Li beam diagnostic at ASDEX
Upgrade

a scanning frequency of 20 kHz, corresponding to a resolution of 50 us. Typical
time traces for the two diagnostics are shown in figure[2.3] In future the chopper
will be improved, to be able to provide shorter on/off periods.

2.2 Specification of Na beam diagnostic and ex-
pected advantages compared to Li

The main setup (fig. as described in the previous section for the Li beam
stays the same for the Na beam. The S-eucryptite powder for the cathode is
fully or partially replaced by NaAl SiO4 and the voltage at the deflection plates
has to be adjusted. At the upper optics the filters for the Li I (2p-2s) line are
replaced by filters for the Na I (3p-3s) line. At the lower optics the spectrometers
only have to be moved to the respective Na-wavelength. A certain amount of
changes is also necessary in the programs evaluating the measured data because
of the different atomic data of Na and Li.

These differences in atomic data lead to the main advantages (and disad-
vantages) that have to be expected when replacing Li with Na (see also Fig.

2.1):

1. Due to differences in vapor pressure for Na the emitter temperature can
be kept lower than for Li. So the withstand voltage rises and the stability
of the ion source at higher voltages (> 60keV) is improved. A higher
current may be achieved at higher extraction voltages or by raising the
temperature to the Li level.

2. The neutralization of the ion beam occurs for both Li and Na in a Na
cell. Because the charge exchange cross section between Nat and Na’
is resonant and therefore higher than between LiT and Na®, a higher
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neutralization efficiency is achieved. This allows to drive the beam with a
higher current and to reduce the Na density in the charge exchange cell.

3. The charge exchange cross sections for collisions with relevant impurity
ions like He and C are usually larger, facilitating ion temperature mea-
surements more easily.

4. The lifetime of the transition observed for electron density measurements is
shorter for Na than for Li (Na I (3p-3s): 16.2ns, Li I(2p-2s): 26.9ns). This
is of benefit for the planned density fluctuation measurement. The shorter
lifetime does not raise the emission intensity significantly, because the
excited Na state is less occupied than the Li one. But this resulting lower
occupation of excited states reduces the Na beam attenuation, because
the very effective charge exchange and ionization from these states plays
a minor role.

5. The wavelength of the Na I (3p-3s) transition (@588.9nm in the yellow
region) differs from the Li I (2p-2s) transition (@670.8 nm). This leads to
several effects:

(a) The used photomultipliers are more sensitive in the yellow region
improving the signal-to-noise ratio in the case of Na.

(b) The background radiation (mainly from impurity ions like He) in the
wavelength regions of the transitions are different. This has to be
taken care of in the filter specifications, leading to a slightly higher
maximal transmission in the case of Li, because the Na filters have
to cut out the He I line @587.6 nm.

(c¢) It still has to be checked if the radiation from thermal Na, that
diffuses from the neutralization cell into the vessel, leads to negative
effects (increased background).

(d) The refraction is different for the Li and the Na line, so that the
IXS-observed beam coordinates differ by about 2 mm.

6. The atomic mass of Na is with 22.99 u higher than of Li with 6.94u. So for
same beam energies the beam velocity is lower, raising the question, if the
Na beam will penetrate as deep as the Li beam. On the other hand lifetime
smearing is also reduced, being beneficial for fluctuation measurements.

7. The ionization energy for Na is slightly lower than for Li. This may also
influence the penetration depth.

In chapter [§] it is discussed whether these expectations are actually fulfilled
or not. Some facts are now described in more detail:

2.2.1 Different refraction

In the upper optics the light has to pass a prism and two lenses before reaching
the optical fibres (see fig. . So the observed beam coordinate of each fibre
depends on refraction in these optical instruments. The refraction index itself
depends on the observed wavelength and differs between 1,5055 for Li (2p-2s)
emitted light and 1, 5084 for Na (3p-3s) emitted light.
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Figure 2.6: Left axes: Typical spectra (AUG 23074, LIA ch 3) at beam on (red)
and beam off (black) period taken with the lower optics. Right axes: Filter
transmission curve (green) for the filters used in the upper optics filter-PM-
System.

The beam coordinates of the observed points along the injected beam have
been individually measured for the Li line. Out of these data and the exact
geometry of the optical system the refraction index for the Li line is evaluated.
This is necessary because the glass type has not been documented and the re-
fraction index has already changed over the years of operation due to irradiation
(neutrons, ...). The refraction behavior best fits to the Schott glass N-ZK7 [26].
The Sellmeier series equation (see with coefficients for this glass type was
used then to calculate the refraction index for the Na line.

So the observed beam coordinates for the Na line can be easily derived and
differ about 2 mm as compared to the observed beam coordinates for the Li line.

The detailed coordinate table (table[A.1)) is shown in
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2.2.2 Na beam filter specifications

Figure[2.6]shows typical spectra as observed by the lower optics for beam on and
beam off periods. The following filter specifications are required for the upper
optics: The transmission at the He I line @ 587.6 nm should be lower than
5%, while the transmission should be best for the Na I doublet line @ 589 nm
and 589.6 nm, Doppler-shifted by about half a nm to shorter wavelength. As
can be seen in fig. these requirements are fulfilled by the shown measured
transmission curve of the filters purchased and used for Na beam diagnostics.
The only problem is the remaining C II line @ 589.1 nm, occurring strongly in
H campaigns where C'Hy is used (see . For D discharges this problem does
not arise since the C II line is very weak in ASDEX Upgrade as a full tungsten
machine. For He campaigns it is a question, whether the transmission of 5%
for the He I line is low enough to suppress it successfully. This question will be
answered in



Chapter 3

Collisional rates

For the Na beam attenuation modeling (chapter [4) all collisions of the neutral
beam atoms with plasma particles have to be taken into account. This includes
electron, proton and impurity ion impact excitation, ionization and charge ex-
change processes. Cross sections for these processes have been derived in [I]
(some typical examples are shown in figures . Collisional rates are then
calculated from these cross sections.

In the case of Na, 9 states are taken into account in the modeling: Na 3s,
3p, 4s, 3d, 4p, 5s, 4d, 4f and Na™, enumerated as states : = 1 to i = 9.

3.1 Rate coeflicients for collisions of Na atoms
with electrons and protons

Based on procedures used to calculate rate coefficients for the Li beam (see [27],
[28], database in [29], [30]) the respective programs are adapted and improved
for calculation of rate coefficients for the Na beam, using the cross section data
from [I] as an input.

The rate coefficients RY ; = (ov);2 = e, pT describe the number of exci-
tations (i < j), de-excitations (¢ > j) and ionizations / electron loss (j = N)
of a Na atom in state ¢ due to collisions with e~ and p* in units of volume
per time. o is the corresponding cross section for the process and dependent
on the relative velocity of Na and the plasma particles v and the brackets (.)
mean averaging over the relative velocity distribution. The relative velocity v
is the absolute value of the difference between the beam velocity vpeqr, defined
by the beam energy Epeqrn, and the velocity of the plasma particles v, that is
described by a velocity distribution f (7',), depending on plasma temperature
(T.,T;).

i = <J(v)v>:/a(v)vf(7$)d3vz (3.1)

R3

||?beam - 7.’/6”2

e ,pt

It is supposed that T := T; = T, and that ¥, can be described by a Maxwell

21
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Figure 3.1: Electron excitation cross sections for Na 3s — 3p, from [I]
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Figure 3.2: Proton excitation cross sections for Na 3s — 3p, from [I]
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Figure 3.3: Electron-Impact Ionization from Na(3s), from [I]
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Figure 3.4: Proton-Impact Single-Electron Loss from Na(3s), from [I]
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distribution.
FT0) = fln) = —— e —(%)2 (3.2)
VS i I |
kT
Wy =
My

The formula for the rate coefficient (i < j) then becomes:

T v—v ? v+ ?
Rf_j 2/1}20 (v) {eXp [_ (beam) ] — exp [_ (bwm) ]}dv
w w
0

(3.3)
The rate coefficients for de-excitation can be easily derived from the rate
coefficients for excitation using the formulas

- - G AE;_.;
o= R e (S50 (3.4)
+ + G

again for i < j. As mentioned above, these rate coefficients R ; (i # j)
describe rates in units of volume per time. To use them directly in the modeling
differential equation (dependent on location, not time), they are divided by the

beam velocity vpeam, giving the so-called reduced rates

-1 RT .
=g :(d’z> Ry, = —= (3.6)

T dy T dt 7 Vpeam

in units of area (volume per length). Figure and show the rate
coefficients and reduced rate coefficients for the processes / cross sections shown
in figures [3:2) for beam energies of 40, 60, 80 and 100keV .

3.1.1 Implementation of the rate coefficient calculation

The calculation of the rate coefficients for collisions of Na with electrons and
protons was implemented in two FORTRAN77-Subroutines, elratnal-2.f and
proratnal-2.f. A description of the implementation is given in

3.2 Rate coefficients for collisions of Na with im-
purity ions

In fusion plasmas the impurity ion density is regularly described by two pa-
rameters, Z.yy and g. In general these parameters vary for different location
(measured in beam coordinate z or normalized poloidal radius p,,,;)-

g is the mean charge of the impurity ions, and the effective charge Z.¢s is
defined [2] as

2
np + n;q
Ne

Zeps = (3.7
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Figure 3.5: Electron excitation rates and reduced rates for Na 3s — 3p and
different Na beam energies Fpeqm .
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Proton Impact Excitation p + Na(3s) --> p + Na(3p), rates
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Figure 3.6: Proton excitation rates and reduced rates for Na 3s — 3p and
different Na beam energies Epeqm.
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Figure 3.7: Ion-impact reduced excitation cross sections for Na 3s — 3p, from

[

with proton density n,, impurity ion density n; and electron density n.. If
different types of impurity ions occur, the ion term in (3.7) turns into a sum
over all ion types i

2
np + D nig;
Te

Zeff = (38)

For given n., Z.ys and g, n; and n, can be calculated using the fraction frac:

o Zeyy— 1
frac:= 2= (3.9)
n; = frac-me (3.10)
n, = (1— frac-q)-n.

The higher mass of impurity ions as compared to electrons or protons lead to
a lower velocity. In this case the energy of collisions between impurity ions and
Na can be approximated by the Na beam energy Fpeqm. So the reduced rates
pe o= LW g g — g (ion) are replaced by the cross sections o (Vpeqm) =

=) Ubeam

0 (Epeam), no further calculations are necessary:

7"2*)3' =0 (Ebeam) = 0i—j (Ebeama Q) (311)
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Figure 3.8: Ion-Impact reduced Single-Electron Loss cross sections for Na(3s),
from [I]

The cross sections for collisions of impurity ions with Na can be easily derived
from cross sections for Na atoms colliding with protons and He™ using scaling
relations [I]. These relations are:

BEXC=E  ofC= i1
EELOSS _ n’E ELOSS _ _o ( . )
red. - \/5 Ured. — niq

with n = \/ZITb and the binding energy Ejp. Mpeqm is the mass of a Na atom in
atomic mass units u. The reduced cross sections are shown in figures and

B8
Substitution of the relations ([3.12)) into (3.11) leads to the rate coefficients
for Na excitation and electron loss due to collisions with impurity ions:

- E
v, = q-oEXC (be"m/mbeam> Vi j <N (3.13)
q
2
) ross (77 Epeam/mb . .
T;Hj = n4q-ofed‘ ( ef}% eam),Vz<N,j:N

Because of the low numerical effort compared to the calculation of the re-
duced rates for electrons and protons and due to the possible variation of Z. ¢y
and ¢, the reduced rates for collisions of Na with impurity ions are directly
implemented in the modeling (zmod nav1-0.f) and described in chapter



Chapter 4

Modeling

The beam attenuation modeling describes the occupation numbers of important
(excited) Na states and ionized Na atoms for a given n-profile. Further the
electron temperature and impurity ion density profiles are necessary for the
modeling (see chapter [6). The spatial occupation number densities N; (z) are
described by a system of linear differential equations:

N
% - Z {ne (2) aij (Te (2)) + by} Nj (2) (4.1)
Ni(z=0) = o (4.2)

N is the number of states taken into account (9 states: Na 3s, 3p, 4s, 3d,
4p, bs, 4d, 4f, Na') and 7 = 1,...,9 is the respective index of each state. The
matrix a;; contains the reduced rates for excitation, de-excitation and ionization
due to collisions of Na with plasma particles (electrons, protons, impurity ions).
The matrix b;; consists of the reduced Einstein coefficients for spontaneous
emission. The boundary condition describes that at z = 0 all beam atoms are
in the ground state Na 3s (i = 1).

In detail, the coefficients a;; are defined as follows:

aij = aj; + (1 — frac- q)aj; + frac- aéj (4.3)

a;; o =1;;20i<j<N

af, == (> rr 4> | <0 (4.4)
i>j i<j

aj; 1+ =ri;20i<j<N

and describe changes of occupation numbers due to collisions. The definitions
in (4.3) and (4.4) lead to the following form of the A-Matrix, consisting of an
upper part U, the diagonal d and a lower part L:

di U
L dn

29
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The upper part U := (ai;),; of A = (aij)?’[jzldescribes the rise of the

occupation number of state ¢ due to de-excitation of state j by collisions with

plasma particles. The lower part L := (aj;), < stands for the increase of the

occupation of state j due to excitation of state ¢. Finally, the diagonal elements
N N . ;

(di);—; = (ai;);_, sum up all the losses of occupation of state i due to effects

described by U and L.

The coefficients b;; are

Aji o
bij o= >0,i <y (46)
Vbeam
bii + =-— Zbij <0
i<j

with Aj; being the Einstein coefficients, describing spontaneous emission.
The B-Matrix looks similar to the A-Matrix , but here, the lower part is
zero (there is no spontaneous excitation). The upper part (b;),_; stands for
the occupation number transfer from state j to ¢ due to spontaneous emission,
the diagonal (bii)fiil sums up, as before, the occupation decrease of state i by
the emission described in the upper part.

The definitions and consistency imply, that for both the A- and B-Matrix
the sum over all elements in an arbitrary column has to be zero (lost occupation
of state ¢ has to be transferred to the sum of all other states j # 7).

Out of the result for occupation number densities emission (Na I (state i -
state j)) can be calculated using the proportionality

Ina(i—j) < N; (4.7)

of the emission intensity and the occupation number of the initial state.

The main Na I emission line is the transition 3p-3s @589 nm, 589.6 nm. This
is the transition observed for electron density calculation (see chapter. Other
transitions are too weak for reasonable use in electron density evaluation (de-
tailed analysis in [25]).Introducing the proportionality factor «, the proportion-
ality can be written as

- Inarap—3s) = N2 (4.8)

For the electron density evaluation it is sufficient to know the normalized emis-
sion intensity. The factor « is either derived by a shooting method or it is one
of the fit parameters (Bayesian Ansatz).

4.1 Implementation of the beam attenuation mod-
eling

The beam attenuation modeling is implemented in the FORTRANTT /shell script
program simula, consisting of several modules. Some of these modules are also
used for electron density evaluation in the FORTRANT7 /shell script program
absolut and of the diagnostic LID. The newer diagnostics LIN and IDA use
slightly modified modules and FORTRANO95.
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Figure 4.1: (a) n. and (b) T, profiles for discharges # 20160 (green), # 21241
(red), # 21990 (black), #21991 (blue) vs. midplane radius

The program simula consists of a shell script named sim_na and a compiled
FORTRANTT routine named sim_[Eb] ([EDb] is replaced by the beam energy in
keV). In[B.2|short descriptions are given and the differences to the old (Li-beam)
modules are mentioned. All details are commented in the source code.

4.2 Examples

As examples for modeling the four following discharges (n. and T, profiles) were
used. Two of the discharges are standard scenarios: the "Standard H-Mode"
(#20160) and the "Standard ohmic" (#21241). Two discharges of the first
Na campaign, where both Na and Li beam n. evaluation was done (#21990,
#21991), are also chosen. In table details of n. and T, pedestal top values
as well as the separatrix position is given. The table also lists the penetration
depths, i.e. where the ground state is attenuated to 5%.

Figure[d.1|shows the n. ([£.1p) and T, ({.Ip) profiles for the four different dis-
charges. The plotted data are fits to experimentally determined values (density:
Lithium beam diagnostic and edge Thomson scattering diagnostic [6], temper-
ature: ECE diagnostic [31], [32], [33] and edge Thomson scattering diagnostic)
mapped to the magnetic midplane.

Figure displays the modeled occupation number profiles (proportional to
emission, see (4.7))): Fig. . for a Li beam at 40kV and fig. . for a Na
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=0.95

AUG ”ZW:O'% T Rsep Pfé KV P%akv Pé%akv
# 1019 m73 eV m ppol ppol ppol
20160 6.59 400 2.156 | 0.95 0.97 0.96
21241 2.24 220 2.145 0.80 0.85 0.83
21990 5.16 280 2.138 | 0.92 0.95 0.94
21991 6.70 550 2.140 | 0.94 0.96 0.95

Table 4.1: The discharges selected as examples with characterising parameters

and modeled data: AUG #... ASDEX Upgrade discharge number, ny

Ppor=0-95
e

101 =0.95
)

. ne and T pedestal top values, R, ... the separatrix position,

pl)‘ngeamk\/ ... penetration depth (the poloidal radius p,,,;, where the X = Na/Li-
beam of energy Fpeqm is attenuated to 5%)

a) Li 2p # 20160
# 21241
# 21990
0.2_ #21991 | |
S 01} .
&
5
[
C
g 0 b) Na 3 : :
S 0.1} P :
(8]
o
o
0.05f \ ]
0..- ey A N\
15 10 5 0

Figure 4.2: (a) Li 2p (Fbeam = 40keV) and (b) Na 3p (Epeam = 40keV, Epeam =
80keV dotted) occupation profiles vs. beam coordinate modeled for n. and T,

profiles of fig.
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Figure 4.3: AUG # 21990: occupation number densities for the excited states
taken into account.

beam at 40 and 80kV. Therefore the profiles shown in fig. [£.1] are used as input
for modeling, the plasma is assumed to be clean (Z.;y = ¢ =1).

The main observation is that the maxima of the Na I emission profiles are
only slightly shifted to the outside as compared to Li (about 2 to 3% of p,,).
Also, the difference between a 40 keV and 80 keV Na beam is only marginal
(1% of p,y). This is mainly due to the fact that the excited states of Na are
considerably less occupied than in the case of Li and consequently the very effi-
cient charge exchange from these states, mostly responsible for the attenuation
of the beam, plays only a minor role. Especially the state Na 3p is significantly
less occupied than Li 2p, due to its shorter lifetime (occupation in figure
lifetimes in . The penetration depth of a Na beam is thus only slightly
lower than that of a Li beam at an acceleration voltage of 40 keV. For higher
acceleration voltages, the penetration depth of Li increases considerably, while
the one of Na hardly changes.

As can be seen later in chapter [7] the differences in the evaluation depths
(as deep as the relative evaluation error stays below a certain limit) of the LIN
diagnostic are in the same order as the differences in penetration depths and
differences in the locations of the maxima of emission profiles.
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Chapter 5

Calculation of electron
density

The programs/diagnostics using the shooting method are based on an algebraic
rearrangement of the modeling differential equation [34]. Using a boundary con-
dition (at the point of singularity or where the beam is assumed to be completely
attenuated) the factor o (as defined in (4.8)) is determined by this shooting
method.

5.1 Program absolut / shooting method

5.1.1 Rearrangement of the modeling equation

The modeling equation for the occupation of the Na 3p state (2nd equation in

D) is

N
% - Z{ne (2) azj (Te (2)) + b2j} Nj (2) (5.1)

All functions are integrable, so integration over the interval [z, z + h] gives

N z+h
Na(e+ 1) = Na(e) = 3 [ e (5)aay (7 (5)) + by} Ny (5) ds

=1

ne and N; are continuous and for h small enough, such that the terms
Ne (8) azj (Te (s)) + ba; and the coefficients as; (Te (s)) don’t change their signs,
the first mean value theorem for integration can be used giving

35
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z+h
No(z+h) — Na(z) = Z hbajN; (¢;) + boo / No (s)ds| +
Jj>2 >
z+h z+h
+1e (C) az; (Te (s)) dsNj (C;) + [ a2z (Te(s)) N2 (s) ds
%2/ /

CaCj € [z7'z+h]

Algebraic rearrangement now gives (assuming the denominator being non-
zero):

z+h
Naz + h) — Na(2) — bao / N (s)ds — 3 hbo; N (¢;)
Ne (C) = z+h z+h =
/ a9 ( ( NQ dS -+ Z / QQJ dSN (C )
. J#2

Using equation (4.8) and assuming that h is small enough such that n. () ~
ne (2),N; (¢;) = Nj(2),Vj # 2 leads to the approximation for the electron
density

z+h
« [Igpﬁgs(z + h) — Igpﬁgs(z)] — OébQQ / I3p*,35 (S) ds — Z hbng (Z)
P j>2
ne (2) & z+h +h
! / age (Te (8)) Isp—ss (s) ds + Z / asz; (Tt (5)) dsNj (z)
2 J#2

(5.2)

5.1.2 The singularity condition / point of singularity

As long as the denominator in equation doesn’t change its sign, n. can be
evaluated solving with a differential equation solver using equation .
The point z = z; > 0, where the denominator is zero, is the so-called point of
singularity. The continuity and positivity of n, proves that at z; the nominator
has also to be zero and change its sign.

A first approximation for the point of singularity can be given neglecting the
lower occupied states (j > 2) in the nominator of (5.2):

zs+h
[1317%38(28 +h) — I3p—>3s<zs)] + |boa| / 1335 (s)ds=0 (5.3)

Zs

For h — 0 this becomes

dI3p—>3s

dz (ZS) + |622‘ I3;D—>3s (zs) =0 (54)
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A first result is that the singularity can not occur before the maximum of
the emission profile is reached, because %(z) > 0 until the maximum.

For the evaluation of the electron density in an interval [zg,zr] it is also
necessary to know the factor o in ({5.2). a can be determined using a shooting
method, because the dependence of the nominator on « is much lower than the
dependence of the denominator in

z+h
e+ 1) = Loy (2)] = bz [ Doy (5)ds = ™t 3 hboy; (2)
i 3>2
e (Z) ~a z+h z+h
a / aga (Te (8)) Isp—szs (s) ds + Z / asj (Te (s)) dsNj (z)
4 '7752 z

(5.5)
which is equivalent to . Depending on whether z, lies inside or outside the
interval [zo, z1.] a different boundary condition has to be applied for determining
« in the shooting method.

In the first case, z5 € [z, z1], it is shot for « such that the denominator is
zero at z = zs (boundary condition in this case).

In the second case, when no singularity occurs in the evaluation interval, the
boundary condition is N1 (2end) = 0. This means that the ground state is fully
attenuated. Usually z.,q is chosen as the point, where I3, .3, has fallen to 0.1%
of its maximal value.

For some low density regimes, where neither the singularity occurs nor the
ground state is enough attenuated at the inner border of the observed interval,
it is not possible to obtain an electron density profile with this method.

Because « is determined by the shooting method, it is not necessary to know
the absolute emission values, only the relative, normalized emission profiles are
needed. This simplifies the calibration of the optical channels, only relative
calibration has to be done.

5.1.3 Implementation of the program absolut

The structure of the implementation is very similar to the implementation of the
modeling in the program simula. The program absolut consists of a shell script
abs and a FORTRANT7 program with compiled name abs_[Ebeam]. Some of
the FORTRAN77 modules are also used in simula and were already described
in B2l Some other functions and subroutines are also the same or similar in
both programs, but are in different modules / files. Again an overview is given
in[B23] with focus on changes that were done. All details are commented within
the source code.

5.2 Diagnostic LID / shooting method

The diagnostic LID uses the same algorithm as the program absolut. But there
are several additional routines, mainly for input/output. These routines read
in the raw data (diagnostic LIB) of the 35 channels of the upper optics and
prepare the data for the shooting method, for instance the background (signal
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when beam is off) is subtracted and the data is averaged over some emission
profiles. The output routines write the n. data directly into the shotfile.

The changes between the (old) Lithium version and the version for the
sodium beam were mainly the same as described for the program absolut. Addi-
tionally the beam coordinates had to be adapted due to the different refraction

in the optics (see [2.2.1)).

5.3 Diagnostic LIN / Bayesian Ansatz

A detailed description of the Diagnostic LIN using the Bayesian Ansatz can be
found in [35] (Probabilistic lithium beam data analysis).

Here a short summary will be given. A description of all program changes
being necessary due to the use of Na instead of Li is located in

In general, it is not possible to solve for the electron density profile uniquely
using the discrete 35 spatial data points deteriorated by noise and dependent on
calibration data that also contains uncertainties. In the old method these prob-
lems are solved by making a smooth function out of the discrete data points.
Then this smooth function is used in the shooting method. One of the disad-
vantages of this approach is that information about noise and error is lost.

All these errors and estimates can be taken into account using Bayesian
probability theory (BPT). This theory is applied in diverse fields of plasma
physics, physics and science in general. The Bayes formula reads as follows:

p(ap) = ZEAPA) (B]L‘g; (4)

For electron density n. evaluation using data d with noise ¢ and additional
information about the problem I the starting equation reads

P (d|ne,0,1) P (ne|I)
P

P(ne|d7071) =

or simplified
P (dne) P (ne)

This looks like the simple Bayes formula, but here we deal with probability
densities instead of probabilities. In detail it looks like that:

o INozp(ne,z,d)  [p(dINe =ne,Z = 2) fn, 7 (e, 2)
Freane D = =2 @~ 7o @

with the denominator

fo (d) = / Fo (AINe = ve, Z = ) f..z (ver C) didC
Q

that is only used for normalization.
So the posterior function fn,,z (ne, z|D = d, 0, I) is proportional to the prod-
uct of the prior function fn, z (ne, z|I) times the likelihood function fp (d|N. =n., Z = z,0,I).
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For the Li- / Na-beam intensity data set (Ns = 35 spatial channels and N;
time frames, recorded every 50 us) the combined likelihood function of Ny =
Ns - N; data values is given by

N, Ny

2
fo(dIN. =ne, Z = z,0,1) = . (d”' — D ("e)) (5.6)

5 exp ~
i \/ 20 Oij
,

X2i=) ()2

This is the product of Gaussian likelihood functions because of the inde-
pendent and normally distributed errors €;; = d;; — D; (ne) ~ N (0, 02). The
modeled intensity data D is given by

Dj (n.) = I; = asiNaz (ne (i)

Additionally the estimated background (measured during beam-off periods
and containing essential information) has to be considered, resulting in

€ij = dij — (Di+ Dip)

where the subscript b stands for "background". The error in background
determination is defined in the same way as the error of intensity data: €;;;, =
dijo —Dip ~ N (0, O‘Z)

After adding the variance As? of the calibration constant s; the modified
x2-term in can be written as

Ng

2 (dij — dijp — Di (ne))”
X = Z Ao\ 2
g oy 0k, + (Di (ne) s)

Si

The prior function contains the prior information, that the density profile
is almost monotonically decreasing from plasma core to edge. It contains a
Gaussian penalization term with regularization parameter s,. The higher s, is,
the more we believe in monotonicity. There is also a second prior function that
penalizes the density profile curvature, using a parameter s.. Too high s. cause
oversmoothed profiles, while too low s, facilitates noise fitting.

Error bars, reflecting the quality and accuracy of the derived profile, are
also provided. The calculation of these error bars is not trivial, because the
n. evaluation is a non-local interpretation of the measurements. The electron
density and also its error at a certain spatial position is not only depending on
the obtained emission profile at this position, but also on the plasma the beam
has already passed. Additionally constraints and prior informations have an
influence. Therefore, for further calculations using the derived n. profiles, it is
recommended to use the full posterior pdf as prior pdf for the following analysis.
For the error bar calculation it is sufficient to use the following method that is
commonly used by the diagnostic LIN: n. values are increased/decreased such
that the misfit x2 is increased by Ayx? = 1.

In the implementation the density profiles are represented as exponential
of cubic splines. Typically 14 parameters (13 spline parameters and «) are
optimized, and the solver of the system of coupled linear differential equations
is the most time consuming part. The numerical effort is comparable to the
conventional analysis (LID) for a single time slice.
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5.4 Diagnostic IDA / integrated data analysis
with Bayesian Ansatz

The diagnostic IDA relies on the same method as the diagnostic LIN, but as
additional input values the interferometer channels H1 to H5 are used [30].
These five channels provide line integrated n. data at 5 positions between the
ETB zone and the plasma core. This enables the evaluation of n, on the full scale
from plasma center (p,,, = 0) over the ETB zone and the separatrix (p,,,; = 1) to
the Scrape off layer (p,,; > 1). In future this method is intended to be extended
on combining the data sets of even more diagnostics at ASDEX Upgrade. For
n. evaluation the inclusion of the Thomson Scattering diagnostic [6], [7] and
the Reflectometry [8], [9], [I7] data could increase the accuracy. The more
diagnostics are included, the higher is the numerical effort, because of increasing
data and parameter set sizes. So for the IDA diagnostic the computation time
rises by one order of magnitude as compared to the LIN diagnostic, but is still
acceptable.

As the LIN diagnostic the error bars given by the diagnostic IDA enable
comparing the errors to other diagnostics as Edge Thomson Scattering. There
is no smoothing like in the conventional data analysis method that leads to a
loss of error information.



Chapter 6

Dependence on secondary
input data

The evaluation of n, profiles depends mainly on the line emission data recorded
by the optics. But there are also other parameters that influence the calcula-
tions: The (electron) temperature and the impurity ion density. Both have a
direct effect on the collisional rates (the A-matrix, (4.3)). Because no imme-
diately available and exact data is offered for both electron temperature and
impurity ion density profiles, the effect of inaccuracies and the use of a few
typical profiles selected by discharge type instead of individual ones has to be
analyzed.

6.1 Dependence on electron temperature (7)
profiles

T, profiles are not immediately available during routine plasma operation. There-
fore after classification of the discharge, a typical T, profile is taken as input for
n. evaluation. One possibility to describe such a typical profile is a tanh-shaped
curve in the region of interest, the edge transport barrier (ETB) zone. In this
case four parameters define the T, profile: the separatrix position, where the
temperature is set to 7°°? = 100 eV, the scrape off layer (SOL) and pedestal top
temperatures 7591 TPe? and the width of the pedestal, varying in the range of
several cm. Generally the separatrix position is well determined, while the SOL
temperature is not and can range from 5—20eV. The pedestal top temperature
and the pedestal width depends on the discharge type (L-mode, H-Mode) and
heating power.

A short view on the reduced rates (see 3s electron loss and 3s-3p excitation
rates in fig. let us expect, that in the area between 10 and 1000eV, the
temperature dependence is very low.

To verify this expectation, two tests for dependence of n. evaluation on
realistic uncertainties in 7, profiles were done:

SOL temperature As mentioned above, the SOL electron temperature is not
well determined. So the influence of variations of Tt for p,,,; > 1 was tested
by keeping the T, profile constant for p,, < 1 and for p,, > 1 the SOL

41
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Figure 6.1: Reduced rates for collisions of electrons and protons with Na. black:
FEream = 40keV, red: Epeqm = 80keV.

temperature (7°9%) was set to fixed values out of {2, 5, 10,20,50} eV (see
fig. [6.2R). As can be seen in fig. , the reconstructed n. profiles do
not show any effect inside the separatrix position (p,, = 1). Outside,
the most significant differences occur for T5°F = 2V, being below the
excitation treshold of the Na I (3p-3s) transition. All other settings differ
less than 25% (fig. [6.2k), the absolute errors are quite small (fig. [6.2p).

pedestal width Keeping T7°°L = 5eV, T5? = 100eV and TP*? = 800eV,
the width of the pedestal is varied between 10 and 80 mm (see fig. [6.3p).
As can be seen in fig. [6.3p, the n. profiles is nearly independent of these
changes in the ETB zone, the area of interest. Outside the separatrix

position the differences can reach, as before, 25% (fig. [6.3¢), corresponding
to very small absolute errors (fig. [6.3p).

Because n. evaluation is, especially in the ETB zone, not sensitive to T,
profiles, it is sufficient to select one of two typical T, profiles, one for H-Mode
and one for L-Mode plasmas. This selection is done by a regime identification
algorithm and used subsequently for n. evaluation.

6.2 Dependence on 7./, profiles

At ASDEX Upgrade, there is no diagnostic providing Z.; profiles (Z.ys and
q data as defined in for each individual shot. As input for n. evaluation,
reasonably realistic Z. s profiles are used. These profiles have been determined
using data by several impurity ion density diagnostics, like Li-CXS (LIA, LIC).
As for T, profiles above, it is clear, that the real Z s profile differs from the one
used for n, evaluation. How large the effect of this differences on the n. profiles
evaluated by the Na-IXS diagnostics are, has been researched as follows.

A reference n, profile (black line in fig. and T, profile is taken as base
for the calculation. Then the Na (3p-3s) emission profiles for a pure D (clean
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Figure 6.2: AUG # 21991: (a) T, profile, varying T29F, (b) n¢*¢ compared to
nZ¢f (black), (c) ratio to ni¢f
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Figure 6.4: AUG #21241: left axis: n’® (black) compared to reconstructed
n. profiles: the first index gives the species for the modeled Na 3p profile, the
second for the assumption of the reconstruction: D/D (yellow dots), He/He
(blue stars), D/He (red triangles), He/D (green triangles); right axis: Na 3p
occupation number for D (yellow line) and He (blue line)

plasma, Z.;r = g = 1) and a pure He plasma (Z.ry = ¢ = 2, representing a
strongly impurified plasma) are calculated by the program simula (yellow and
blue lines / right axes in fig. . n. evaluation of these emission profiles with
the correct plasma parameters (the same as in the modeling) give the yellow and
blue n, profiles. These profiles correspond very well to the reference n, profile.
If completely false Z. ;s profiles are used for n. evaluation (D for modeling, He
for ne evaluation: red triangles; He for modeling, D for n. evaluation: green
triangles), the differences in n. to nl¢/ are about 15%, and so for reasonably
realistic profiles as used in standard application, these errors remain below 5%.
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Chapter 7

Experimental results

Up to July 2008 three campaigns of Na beam measurements have been con-
ducted. In the first campaign, in 2007, a Li emitter with 10% of Na was used.
So the standard Li beam n. evaluation is not disturbed, while the potential
of Na is tested by the lower optics. Due to the results it was decided to run
experiments with Na dominated or pure Na beam and use an appropriate upper
optics. After proper filters have been purchased a mixed 9:1 Na:Li emitter was
used during one week (2nd campaign). The results are comparable to the Li-
beam, but the emitter lifetime was too short. So a third campaign is run with
a pure Na emitter to test if a long operational time can be achieved (several
weeks), the results of the second campaign can be reproduced, and what effects
parameter changes (for instance higher Ebeam) have. In the last week of the
third campaign a He and a H campaign are run and the capabilities of the Na
beam are also tested under these conditions.

7.1 First campaign (Na:Li=1:9)

(from 28.6.2007 to 10.7.2007, discharges # 21967-22046)

The Li beam diagnostic is an important electron density diagnostic at AS-
DEX Upgrade. Nevertheless, it has been thought about possibilities of further
improvement. One of the possibilities taken into account has been the use of
different elements for the neutral atom beam. Beside the use of H or He (com-
monly in combination with the NBI) sodium (Na) has been considered to have
several advantages (see chapter . After the availability of the atomic data-
base [I] a mixed Na-Li-emitter is built in and replaced the standard Li emitter.
The mixture ratio of Na:Li=1:9 grants an undisturbed operation of the Li beam
IXS diagnostic, while the Li CXS diagnostic (lower optics) is used for Na IXS
measurements. A further advantage of this approach is that no filters for the Na
line had to be purchased. The main disadvantages are the low Na current in the
beam and the lower accuracy and spatial resolution of the lower optics. Never-
theless, it was sufficient to get first practical knowledge about the potential of
a Na beam diagnostic and to test the validity of the underlying database.

A detailed analysis of the data of all plasma discharges (about 20 useful
discharges within 3 weeks) in this first campaign has been done in [25]. The
main results of this work are summarized below.
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Figure 7.1: AUG # 21990: modeled emission profile (black) and measured data
(blue, 18 channels)

In fig. it is shown, that the modeled Na I (3p-3s) emission profile by
simula (black line) corresponds very well to the measured Na I (3p-3s) emission
(blue circles). As input for modeling, a reference electron density, derived by
the Li beam and edge Thomson Scattering diagnostics, is used (n%¢/ in fig. .
The good correspondence of the two profiles tells that the simula-program, used
for modeling, contains no (significant) systematic errors. This means also that
the underlying data base [I] is valid.

Fig. shows the n. evaluation, where the program absolut (shooting
method) is used. n’¢/ is compared to the electron density calculated out of the
measured Na I (3p-3s) emission data (blue stars) and to the electron density
calculated out of the modeled emission (red dots). The n. evaluation of the
measured data despite the lower spatial resolution and bigger emission mea-
surement errors of the lower optics shows acceptable results as compared to the
reference profile. Further, the evaluation of the modeled data ensures that the
n. evaluation is the inverse process of modeling, without (significant) systematic
errors within one of the two programs. The nearly negligible errors are due to
the use of discrete data points, smoothing methods and rounding errors in the
shooting method.

7.2 Second campaign (Na:Li=9:1)

(from 15.4.2008 to 17.4.2008, discharges # 23052-23092)

After the positive results of the first campaign it was decided to run a second
campaign with the Na beam. Filters were purchased to use the upper optics
filter-photomultiplier setup with high spatial and temporal resolution. The mix-
ture part of Na in the emitter was increased to Na:Li=9:1. Beside the change of
emitter and filters also the voltage for focusing the beam was adjusted. Further
the Na-implementation of the diagnostic LID has already been finished at the
start of the second campaign for an immediate availability of the evaluated data.
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Figure 7.2: AUG # 21990: n’¢/ calculated of Li I measured (black), n. calcu-
lated of Na I measured (blue), n. calculated of Na I modeled (red)

So after fine tuning of focusing the beam in discharge # 23051, the Na-
beam diagnostic measured useful Na I (3p-3s) emission data for all plasma
discharges within one week (two experimental days). The measured intensity
at the photomultipliers increased during the first experimental day (the emitter
was heated up further), but in the end of the second experimental day the
beam intensity started to decrease at constant emitter temperature. Tests next
morning showed that the emitter emission has changed from Na to Li, such
that with this emitter it was not possible any more to produce a Na beam of
sufficient intensity. So the lifetime of this one mixed emitter was too low, but
the results within these two experimental days were promising (see [7.2.117.2.3)).

7.2.1 Standard H-Mode discharges

The "Standard H-Mode" is a standardized discharge type periodically done at
ASDEX Upgrade. It is done practically every experimental day as first plasma
discharge. This allows to compare the performance of the Na and Li beam
diagnostic under the same plasma conditions in H-Mode plasmas.

In the second Na campaign discharge #23074 was of this type. A time trace
of the plasma edge electron density by IDA for this discharge is shown in fig.
E For comparison to the Li beam the discharges #23041 (with the Li emitter
used before the Na campaign) and #23300 (with a rather new Li emitter) are
taken. The regarded interval is ¢ € [1.5,3]s, which lies for these 3 Standard
H-Mode discharges within the flattop.

In table some important plasma parameters (the electron density at

=0.95 . ..
pedestal top nere! and the separatrix position at the Na beam Rg.p,) and

the evaluation depth of the diagnostic LIN are shown. For each point of the
evaluated electron density profile the diagnostic LIN also delivers an electron
density error bar (described in . At the separatrix position this error is for
both Li and Na beam in the region of about 10%. Deeper inside the plasma
(lower normalized poloidal radius p,,,), this error is rising. Therefore one way of
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AUG # 23074

t[s]

Figure 7.3: AUG # 23074 "Standard H-Mode": time trace of the edge electron
density profile taken by the diagnostic IDA

AUG | beam | current | nfre="" Rsep | evaluation depth (LIN) p,,
# mA 109 m=3 m | error <20% [ error < 50%
23041 Li 1.7 7.5 2.130 0.959 0.937
23074 Na 24 7.9 2.128 0.960 0.948
23300 Li 2.8 6.9 2.132 0.942 0.919

Table 7.1: Standard H-Mode discharges with characterising parameters and

data: AUG #... ASDEX Upgrade discharge number, beam... beam type
(Na/Li), current... beam current, nZ”"’:O'% ... n. pedestal top value, Ryep ...

the separatrix position, evaluation depth (LIN)... the poloidal radius Ppol Up to
that the LIN evaluation error stays below the given percentage (20% or 50%).

comparing the depth of qualified evaluation (for different discharges and between
Li and Na) is to define the evaluation depth as that radial position, where the
error bars exceed a certain relative error (for instance 20% or 50%). Up to this
evaluation depth the error remains below this border and the electron density
profile can be considered to be of good quality outside this radial position.

The emitter used before the Na campaign is already weak in discharge #
23041 and so the beam intensity is lower than in discharge # 23300, where a
new Li emitter is used. The Na beam shows approximately the same evaluation
depth as the weak Li beam. However, the Li beam with an optimal emitter
meeting a slightly lower electron density allows n. evaluations about 2 to 3 %
of p,, deeper into the plasma.

Another possibility to compare the performance of Na and Li beams is to
plot the absolute evaluation error of the IDA diagnostic over density in a scatter
plot as shown in fig[7.4] Therefore all data points lying within a certain temporal
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Figure 7.4: Diagnostic IDA: error bars over electron density for AUG # 23041
(red, Li beam), 23074 (blue, Na beam) and 23300 (magenta, Li beam). Radial
position: 0.92 < p,,; < 1.1, ¢ =[1.5,3] s

and spatial interval are put into a set, and each of its members is plotted as
point at its density value and absolute density evaluation error value.

Plotting the relative error over the electron density in a scatter plot (fig.
shows that up to the pedestal top densities (about 7 to 9 - 10 m~3) the
error bars stay in the region of about 10% for all 3 compared discharges. This
implies that the IDA diagnostic is able to produce a full range electron density
profile, the Li beam penetrates far enough into the plasma to leave no missing
link to the interferometer channel H5.

In general, this statement also holds for the Na beam. But as can be seen
in the figures in the region of 4-10¥m™=3 < n, < 610 m=3 some
single points of larger error bars occur in the case of Na, but not for the Li
beam. Further investigations show that the error bars for this density region
are rising during ELMs. The electron density released from the pedestal top
during an ELM attenuates the beam stronger, so that the penetration depth
is slightly reduced. This causes the rise of the relative error bars in the ETB
zone at n, ~ 5-10?m~3 by a factor of 2 or 3, depending on the ELM, to
approximately the value of 15 to 25%. This is the same level as reached by the
interferometer channels H1 to H5 providing the electron density data further
inside the plasma.

This effect is resolved in fig [7.6] where the electron density profile during an
ELM (¢ = 1.990s) and immediately afterwards (¢ = 1.991s) are compared. The
relative error in the ETB zone is higher during the ELM.



52 CHAPTER 7. EXPERIMENTAL RESULTS

AUG Standard H-Mode

o #23041 (L) |
045 * #23300 (Li) ]
o #23074 (Na) e

rel. error

n_ [m] x 10"

Figure 7.5: Diagnostic IDA: relative error over electron density for AUG #
23041 (red, Li beam), 23074 (blue, Na beam) and 23300 (magenta, Li beam).
Radial position: 0.92 < p,,, < 1.1, t=[1.5,3] s

AUG # 23074, IDA

10—

M il |—reee]

dilililililinnnnsss 11

[T
)l
)|
)
)|
1

o 6f

E

c® 4t
2.

0 1 1 1 1 1
0.8 0.85 0.9 0.95 1 1.05 1.1
ppoI

Figure 7.6: electron density profiles during an ELM (blue) and immediately
afterwards (red) for AUG # 23074, IDA, Na beam
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AUG | beam | VTA | nfror="% Rsep | evaluation depth (LIN) p,,,
# pos. | 10 m=3 m | error < 20% | error < 50%
23020 Li edge 6.7 2.126 0.938 0.912
23021 Li core 6.5 2.123 0.942 0.914
23065 Na edge 6.9 2.129 0.945 0.930

Table 7.2: Improved H-Mode discharges with characterising parameters
and data: AUG #... ASDEX Upgrade discharge number, beam... beam
type (Na/Li), VTA pos.... position of the Thomson Scattering diagnostic
(edge/core), nert =" . n, pedestal top value, Rgep . .. the separatrix posi-
tion, evaluation depth (LIN)... the poloidal radius p,, up to that the LIN

evaluation error stays below the given percentage (20% or 50%).

7.2.2 Na beam compared to Edge Thomson Scattering
and Li beam diagnostics in Improved H-Mode
discharges

One of the H-Mode discharges of the second campaign with measurements of
both Na beam and Edge Thomson scattering diagnostic is # 23065 (Improved
H-Mode with pellets). This data is compared to the Li beam and Thomson
scattering data of discharges # 23020 and # 23021 (Pedestal studies in Improved
H-Mode), having almost the same plasma parameters (23065 is a repeat of 23021
and 23021 is a repeat of 23020, parameters and evaluation depth are listed in
table .

Figure shows the n. profiles by diagnostics LIN and VTA for discharge
23065 in the time span of 2.7 to 3.0s. For the Edge Thomson scattering diagnos-
tics p,,, is shifted by 0.015 (= 1.5%). This shift value is derived by comparing
the Edge Thomson scattering T, profile to the ECE diagnostic. So figure [7.7]
proves that the Na beam diagnostic is well corresponding to another, indepen-
dent n. diagnostic, namely the Edge Thomson scattering.

Comparing not only the profiles, but also watching the error bars is done in
fig. a scatter plot for the error bars of the values shown in fig. The
higher accuracy of the Na beam diagnostic (LIN) is obvious. The plots for the
discharge 23020 (Li beam/Edge Thomson) show a similar behavior. Regarding
the error bars of these different diagnostics one has to be aware of that the error
determination methods are not the same. In[5.3]it is described how the LIN
error bars are determined, for VTA see [7].

As for the Standard H-Mode before, comparing Na and Li beam by scatter
plots was also done for these Improved H-Mode discharges, as can be seen in
fig. Here the result is the same as in the accuracy of the Na beam
is slightly better than the one for the Li emitter at the end of its lifetime. The
cloud of points of larger error bars occurs only for the Na beam and corresponds
to profiles during ELMs, this is also the same result as for the Standard H-Mode
in [[2.11

7.2.3 L-Mode discharges

In the case of L-Mode discharges (low confinement) the electron density is rather
low, so that no evaluation problems (using the new probabilistic algorithm) and
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Figure 7.7: AUG # 23065: electron density profiles by Sodium beam diagnostic
(LIN, blue) compared to Edge Thomson scattering diagnostic (VTA, purple) in
the ETB zone.
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Figure 7.8: AUG # 23065: error over density for the data points shown in
fig. Na beam diagnostic LIN (blue) and Edge Thomson Scattering VTA
(purple). The determination method for the error bars is not the same for the
diagnistics LIN and VTA.
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Figure 7.9: error over electron density (scatter plot) for "Improved H-Mode"
discharges at ASDEX Upgrade evaluated by Na and Li beam diagnostics (IDA).
Radial position: 0.92 < p,,, < 1.1, t=[2.7,3] s

AUG | beam | nfror="% Rsep | evaluation depth (LIN) p,,
# 10 m=3 m | error < 20% error < 25%

23027 Li 2.8 2.099 0.979 0.969

23085 Na 2.7 2.103 0.950 0.945

Table 7.3: L-Mode discharges with characterising parameters and data:

AUG #... ASDEX Upgrade discharge number, beam. .. beam type (Na/Li),

Ppo1=0.95 . - .
ne”” ... ne pedestal top value, R, ... the separatrix position, evaluation

depth (LIN)... the poloidal radius Ppor UP to that the LIN evaluation error stays
below the given percentage (20% or 50%).

a high penetration depth for both Na and Li beams are expected. And there is
only a small number of L-Mode discharges at ASDEX Upgrade as compared to
H-Mode plasmas. Nevertheless it is also important to compare the Na and Li
beam capabilities in this area.

This is done using the example of AUG # 23027 (Li beam) and its repeat
AUG # 23085 (Na beam), both discharges were done for research of "ICRH W
sputtering". The mean electron density in the regarded time interval [1.5,2.7] s
is about n, = 4 - 1019 m=3.

Typical edge plasma electron density profiles for L-Mode discharges are
shown in figures provided by the Li and Na beam diagnostics. Here
it can be talked of an excellent agreement in electron density between the two
repeated discharges. As can be seen on the error bars, the evaluation depth of
the Na beam is slightly better than of the Li beam. This is also shown in table
where the main plasma edge parameters are listed.

Regarding the error over density, for both IDA (fig. showing abs. error)
and LIN (fig. showing rel. error) the Na beam delivers a slightly higher
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Figure 7.10: electron density profiles for AUG # 23027 by Li beam diagnostics
IDA and LIN, t =1.9s
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Figure 7.11: electron density profiles for AUG # 23085 by Na beam diagnostics
IDA and LIN, ¢ =1.9s
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Figure 7.12: error over electron density (scatter plot) for L-Mode discharges
at ASDEX Upgrade evaluated by Na and Li beam diagnostics (IDA). Radial
position: 0.92 < p,,; < 1.1, ¢ =[1.5,2.7] s
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Figure 7.13: relative error over electron density (scatter plot) for L-Mode dis-
charges at ASDEX Upgrade evaluated by Na and Li beam diagnostics (LIN).
Radial position: 0.95 < p,,, < 1.1, t =[1.5,2.7] s
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AUG | beam | current | nfr =" Rsep | evaluation depth (LIN) p,,
# mA 10" m=3 m | error <20% [ error < 50%
23074 Na 2.4 7.9 2.128 0.960 0.948
23406 Na 2.4 7.4 2.125 0.996 0.974
23429 Na 2.4 7.4 2.116 0.980 0.962

Table 7.4: Standard H-Mode discharges with characterising parameters and

data: AUG #... ASDEX Upgrade discharge number, beam... beam type
(Na/Li), current. .. beam current, nlre =00 ne pedestal top value, Rgep ...

the separatrix position, evaluation depth (LIN)... the poloidal radius Ppol UP to
that the LIN evaluation error stays below the given percentage (20% or 50%).

evaluation quality. For the Na beam, no negative effects of the thermal Na
diffusing from the neutralization cell into the SOL area can be seen, the density
and error values remain practically the same for both beam types.

Concerning L-Mode discharges it has to be mentioned that in some cases
there have been problems with the old evaluation algorithm using the shooting
method with singularity condition. Sometimes the singularity lies too far inside
the plasma and no other boundary conditions can be used. These problems do
not occur in the new probabilistic evaluation algorithm [35] that is mainly used
in this work.

7.3 Third campaign (pure Na)

(D from 24.6.2008 to 10.7.2008, discharges # 23406-23574,
He at 11./15.7.2008, discharges # 23576-23627,
H at 17.7.2008, discharges # 23635-23654)

After the campaigns with mixed emitters the first pure Na emitter (this
means a NaAlSiOy cathode) is used in the third campaign. One aim has been
to show that a much longer lifetime, as compared to the mixed Na emitter used
in the second campaign, and comparable to the standardly used Li emitters, can
be achieved. Further higher beam acceleration voltages are investigated. And
in the last two weeks before the vessel opening of ASDEX Upgrade in Summer
2008 a He and a H campaign are driven. Herein the compatibility of the Na
beam to He or H discharges is tested.

7.3.1 Standard H-Mode discharges

The easiest way to compare the emitter used in the second campaign with the
one of this campaign was again the Standard H-Mode discharge. Figure
shows that there are, as expected, no big differences in the IDA error bars. Ad-
ditionally regarding the LIB signals (emitted Na(3p-3s) photons), beam current,
penetration depths (table and the electron density profiles let assume that
there are no significant differences in between the Na beam capabilities of the
emitter of the 2nd and the emitter of the 3rd Na campaign.
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Figure 7.14: error over electron density (scatter plot) for Standard H-Mode
discharges at ASDEX Upgrade evaluated by Na beam diagnostic (IDA), com-
paring 2nd and 3rd Na beam campaign. Radial position: 0.92 < p,,; < 1.1,
t=1[15,4]s
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Figure 7.15: Diagnostic LIN: error bars over electron density for AUG # 23429
(blue, Na beam 50keV’) and 23512 (red, Na beam 60keV). 0.92 < p,,; < 1.1,
t=[25,3]s
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AUG | Epeqm | current porer =09 Rsep | evaluation depth (LIN) p,,,

# keV mA 10 m=3 m | error < 20% | error < 50%
23429 50 2.4 7.4 2.116 0.980 0.962
23512 60 1.7 8.1 2.127 0.979 0.956

Table 7.5: Comparison of different Na beam energies: Standard H-Mode dis-
charges with characterising parameters and data: AUG # ... ASDEX Upgrade
discharge number, FEjpeqp, ... beam energy in keV, current... beam current,
ni”"lzo'% ... ne pedestal top value, R, ... the separatrix position, evaluation
depth (LIN)... the poloidal radius p,,, up to that the LIN evaluation error stays

below the given percentage (20% or 50%).

7.3.2 Higher beam energies

Modeling let us expect that going to higher beam energies will not increase the
penetration depth very much (see . Nevertheless tests with a higher beam
energy of 60keV have been made during several experimental days to investigate
what effects actually occur, for instance if the beam current in- or decreases.

The Na emitter used in the third campaign has shown a similar behavior
that had already been observed for some Li emitters [5], [37]. When increasing
the voltage (to 60keV), the heating (and so the temperature) of the emitter has
to be reduced, to keep the beam stable. So only a current of 1.7mA is achieved,
while 2.4 mA are reached with 50keV acceleration voltage. This leads to a worse
signal-to-noise ratio and further to slightly larger errors for the n. evaluation.

The main plasma parameters of the compared discharges as well as the
slightly increased evaluation depth for higher beam energies is listed in table[7.5]
As can be seen in fig. the LIN errorbars in Standard H-Mode discharges
remain approximately the same, they become a little bit worse, due to the lower
beam current, as mentioned above.

Further systematic investigations on a larger number of Na emitters at higher
voltages should show, if this emitter of the Na campaign has, as can be expected
out of experience with Li emitters, a special and worse behavior at high voltages
as compared to the average behavior of several Na emitters.

7.3.3 He campaign

Because of the strong He I line @ 587.6 nm there was the question if the Na beam
diagnostic will work in He plasma discharges. Fig. shows that the Na beam
in a He campaign produces acceptable errorbars, even slightly better than the
Li beam in He discharges. For the Na beam diagnostics the errors are about
1.5 times the errors for D campaigns and for the Li beam diagnostics the errors
remain approximately twice the errors for D campaigns (see fig. [7.17). This
error increase is mainly due to the worse signal-to-noise ratio in the emission
data (see figures 2.3).

Regarding the penetration / LIN evaluation depth for He discharges, the Na
beam does not penetrate as deep as into a D plasma, but reaches approximately
the same value as the Li beam for He discharges. The evaluation depth within
the time interval ¢ € [3.5,4] s is shown in figure and table
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Figure 7.16: AUG He discharges: scatter plot of LIN error over electron density
for 0.95 < p,, < 1.1, 1 € [3.5,4] s
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Figure 7.17: AUG He and D discharges: scatter plot of Na beam LIN error over
electron density for 0.95 < p,,; < 1.1, € [3.5,4] s
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Figure 7.18: evaluation depth of diagnostic LIN in normalized poloidal radius

over time for two different errorbar borders and three discharges.

AUG | beam | plasma | nf7 =% Rsep | evaluation depth (LIN) p,,,
# 10 m=3 m | error < 20% | error <50%
22496 Li He 7.7 2.111 0.978 0.919
23074 Na D 7.9 2.129 0.960 0.948
23587 Na He 7.5 2.111 0.971 0.954
Table 7.6: Comparison of He and D discharges: characterising parameters

and data: AUG #... ASDEX Upgrade discharge number, beam. .. beam type

(Na/Li), plasma. .. plasma type (He/D/H/T/...), n

Ppor=0.95
e

... ne pedestal top

value, Rgep ... the separatrix position, evaluation depth (LIN)... the poloidal
radius p,,; up to that the LIN evaluation error stays below the given percentage

(20% or 50%).
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Figure 7.19: LIB signal 14 (upper optics) timetrace for a discharge in the He
campaign and for one in the H campaign.

7.3.4 H campaign

In H discharges also C' Hy is used. This causes a very strong C II line @ 589.1 nm
(see . As can be seen in the lower plot of figure the radiation from the
carbon atoms totally covers the Na I (3p-3s) emission and makes n. evaluation
by the Na beam diagnostic impossible for H discharges in ASDEX Upgrade.
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Chapter 8

Conclusions

8.1 Results on expected advantages and disad-
vantages in Na beam operation

One of the main questions that had to be answered by this work was, if the Na
beam shows the expected advantages during operation and why. So this part
will discuss the expectations (listed in and their realizations step by step
based on the experimental results presented and discussed in chapter [7}

8.1.1 Emitter temperature

It was expected, that the Na emitter temperature could be kept significantly
lower than the Li emitter temperature. In fact, this expectation could not
really be fulfilled. To achieve similar beam currents at same beam energies the
Na emitter has to be heated up with approximately the same power as the Li
emitter.

This fact also cancels the further expectations connected to a lower emitter
temperature:

A higher current can not be achieved at temperatures equal to the Li beam,
because these temperatures are already necessary to produce an equal current
of up to 3mA.

For higher voltages (60kV) the Na emitter was expected to be more sta-
ble than the Li one. But for the Na emitter used in the third campaign this
expectations could not be fulfilled, the emitter had to be kept at a rather low
temperature to stay stable, leading to a lower beam current (1.7mA) as com-
pared to 50kV. But due to experience on Li emitters of the same behavior this
Na emitter of the third campaign is probably an outlier.

8.1.2 Neutralization efficiency

The neutralization of the ion beam takes place in a sodium charge exchange
cell. So advantages in neutralization efficiency were expected. For standard
acceleration voltages of 40 or 50keV both Na and Li beam are well neutralized.
Rising the voltage to 60keV would bring a significant advantage in Li beam
penetration depth, but the neutralization efficiency gets much more down. For
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state J 7(s) transition J A(nm) | Agi(s7h)
Na [ 2p%3p 211623-100%| 3p—3s 2 — 1588995 ]6.16-107
Na | 2p%3p % 1.629-1078 | 3p — 3s % — ; 589.592 | 6.14 - 107
Li [1s?2p 5 [2688-10%| 2p—2s 2 — = | 670.776 | 3.72-107
Li | 1s*2p % 2.688-107% | 2p — 2s % — % 670.791 | 3.72-107

Table 8.1: Lifetime 7, wavelength A and Einstein coefficients Ag; for the IXS-
observed Na and Li transitions

the Na beam the lower neutralization efficiency at 60keV doesn’t reduce the
beam current that bad (1.7mA instead of 2.5mA), but on the other hand the
penetration depth of Na is nearly constant in the region from 40 to 80keV. So
the overall evaluation depth and accuracy is not improved (see[7.3.2]).

Summarized the advantages in neutralization efficiency at higher voltages
are too low to cover the other disadvantages of higher voltages and therefore no
general advantage arises.

8.1.3 Charge exchange cross sections

The charge exchange measurements were not part of this work. In general,
however, it is clear that due to the different charge exchange cross sections of
Na with impurities, advantages and disadvantages will occur depending on the
impurity of interest.

8.1.4 Shorter transition lifetime

The lifetimes and wavelengths of the observed transitions of Na and Li IXS are
given in table (data out of [38]).

The lifetime of the observed Na I (3p-3s) transition is 1.65 times shorter
than of the Li I (2p-2s) transition (26.9ns). This causes a significantly lower
occupation rate for the Na 3p state as compared to the Li 2p state (fig.
without lowering the emission intensity. The lower occupation of higher excited
states in the Na beam reduces the beam attenuation, because the ionization
rates are lower for the ground state than for the excited ones.

Strong benefits for density fluctuation measurements are therefore to be
expected. This topic will be investigated in the future, see 8.2.5

8.1.5 Effects of the different wavelength
Sensitivity of filter-PM setup

While the photomultipliers are more sensitive in the yellow region (Na I (3p-3s))
than in the red one (Li I (2p-2s)), the filter transmission T is slightly reduced
for Na (T =~ 50%) as compared to Li (T' &~ 60%). The reduced transmission
for Na is due to the necessary suppression of the near He I line. Summed up
the both effects cancel each other and neither the Na nor the Li beam gain any
advantage within the filter-PM data acquisition.
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Radiation of thermal Na

Beside the fast Na atoms in the beam, also thermal Na, diffusing out of the
neutralization cell, reaches the plasma edge. This Na also emits radiation, as
can be seen in the spectra in fig. It was expected that this background
radiation may decrease the signal-to-noise ratio and increase n, evaluation errors
in the SOL region significantly, but this was never the case because the thermal
Na background radiation is very small and is successfully subtracted together
with the rest of the background.

8.1.6 Atomic mass

The most important disadvantage concerning the penetration depth of the Na
beam was expected to be the significantly higher atomic mass of 22.99u (3.3
times the 6.94 u mass of Li). A non-relativistic calculation (v = ~ 5i5c) gives
a 1.82 times lower beam velocity in the case of Na than for Li at the same
beam energy. This would mean that the penetration depth is reduced in the
same order. Our experiments showed that the penetration depth is reduced by
approximately 10 mm only (2% of p,,;), depending on the discharge type .

8.1.7 Lower ionization energy

The ionization energy for Na is slightly lower than that for Li. Regarding the
influence of higher atomic mass and shorter transition lifetime the effects of the
lower ionization energy are very low.

8.2 Summarizing the comparison to Li beam

8.2.1 Penetration and n. evaluation depth

The penetration depth of the Na beam is, as the LIN n. evaluation depth,
reduced by about 2 to 3% of p,, as compared to the Li beam in H-Mode
discharges. Nevertheless the Na beam penetration depth is sufficient to enable
pedestal top n. evaluation up to electron densities of 8 - 10'° m—3.

Using the conventional evaluation method (program absolut, diagnostic LID,
using shooting method) instead of the new probabilistic evaluation algorithm
(LIN), the difference in the position of the occurring singularity is lower than the
difference in penetration depth, reducing the penetration depth disadvantage in
this case. However, the new probabilistic algorithm delivers better results of
higher accuracy for both Na and Li beam.

In L-Mode discharges the evaluation depth of the Na and the Li beam is
almost equal.

8.2.2 n, evaluation quality

Concerning electron density evaluation of deuterium plasmas at ASDEX Up-
grade, IDA is the state of the art diagnostic. It provides a full scale electron
density profile, from the plasma core to the SOL, with high temporal and spatial
resolution, especially in the ETB zone, where the data is provided by the Na /
Li-IXS.



68 CHAPTER 8. CONCLUSIONS

Comparing the quality of IDA n, profiles, it is nearly equal for the Na and
the Li beam. For both the error bars remain in the area of 5 to 15% up to
pedestal top densities of about 8 - 10'® m~3. Here the only disadvantage of the
Na beam is the increase of errorbars in the middle of the ETB zone during
ELMs.

8.2.3 Non-standard plasmas

For He plasmas, the fear that the He I line at the edge of the transmitting filter
wavelength interval would decrease the signal to noise ratio, is not justified. The
filter specifications are good enough to keep the errorbars only about 1.5 times
higher as compared to D plasmas. For the lithium beam there is a factor of
2. Additionally to the advantage in accuracy the Na beam is able to equal the
penetration depth of the Li beam in He plasmas.

For H plasmas the Na beam can not be used for n. evaluation, as long as
methane CH, is added to the plasma. The emitted CII line lying within the
transmitting area of the filters makes it impossible to measure useful signals
with the Na-IXS. H discharges without methane have not been carried out at
ASDEX Upgrade during Na beam campaigns.

8.2.4 Influence on the plasma

The influence of the Na beam diagnostic on the plasma is very low. The in-
teraction area is very tiny as compared to the plasma volume. The Na atoms
brought into the plasma stay mainly in the ETB zone and do not enter the
plasma center. Also the amount of Na, as well as the atomic number (11), is
too low to play an important role as plasma impurity. No change in Z.;¢ is to
be expected.

8.2.5 Future plans

It is expected that the shorter lifetime of the Na I (3p-3s) transition improves
density fluctuation measurements which are conducted by a Hungarian research
group at present [39].
Further the charge exchange capabilities (Na-CXS) should be explored.
There are also plans to change the present chopper setup to improve time
resolution in order to be able to follow ELMs in time.
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General appendix

A.1 Sellmeier series equation

The sellmeier equation [40] describes the refraction index in dependence on
wavelength A by a fit

where the coefficients are determined by fitting the dispersion equation to mea-
sured values. The equation is valid (accuracy < 1075 [26]) in the region of
visible light and typically used for optical glasses.

A.1.1 beam coordinates

The table shows the absolute values of and the differences in the channel coordi-
nates between the Li and the Na beam diagnostic due to the different refraction
index. The values in the table are the theoretical coordinates, calculated with
the theoretically exact optic geometry. It is clear, that the real coordinates
differ slightly from these values. So the real coordinates were measured and cal-
ibrated for the Li beam 2p-2s emission wavelength. Out of these values the real
coordinates for the Na beam emission 3p-3s were calculated using the piecewise
linear transformation given by the theoretical coordinates in table

Li Na
Ltheor. A Tiheor.

piecewise
linear
transformation

¢

real
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channel # ‘ x Li [mm] ‘ x Na [mm] ‘ difference [mm)]

1 0.6 —-2.0 2.6
2 5.6 3.1 2.5
3 10.6 8.1 2.5
4 15.5 13.0 2.5
5 20.3 17.9 24
6 25.1 22.7 24
7 29.9 27.5 24
8 34.6 32.3 2.3
9 39.3 37.0 2.3
10 43.9 41.6 2.3
11 48.5 46.3 2.3
12 53.1 50.8 2.2
13 57.6 95.4 2.2
14 62.1 59.9 2.2
15 66.5 64.4 2.1
16 70.9 68.8 2.1
17 75.3 73.2 2.1
18 79.7 77.6 2.1
19 84.0 81.9 2.0
20 88.2 86.2 2.0
21 92.5 90.5 2.0
22 96.7 94.7 2.0
23 100.9 98.9 1.9
24 105.0 103.1 1.9
25 109.2 107.3 1.9
26 113.3 111.4 1.9
27 117.3 115.5 1.9
28 121.4 119.6 1.8
29 125.4 123.6 1.8
30 129.4 127.6 1.8
31 133.4 131.6 1.8
32 137.3 135.6 1.8
33 141.2 139.5 1.7
34 145.1 143.4 1.7
35 149.0 147.3 1.7

Table A.1: theoretical beam coordinates used for the piecewise linear transfor-
mation of the measured Li beam coordinates for the Na beam
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Implementation of the main
programs

B.1 Implementation of the rate coefficient cal-
culations

The calculation of the rate coefficients for collisions of Na with electrons and
protons was implemented in two FORTRAN77-Subroutines, elratnal-2.f and
proratnal-2.f. Because the two routines are very similar, elratnal-2 will
be described in detail and then only the differences in proratnal-2 will be
discussed.

The input ASCII-file e- param.ipp contains the fit coefficients for all rel-
evant cross sections [I]. The output ASCII-file e- raten contains the spline
coeflicients for the cubic spline interpolating the excitation and ionization rate
coefficients vs. electron temperature in 21 points between 1 and 10000 eV (com-
pare fig.

The program starts with an input part, where the user is asked for the
beam energy. Then a loop covering all relevant processes starts, again with an
input part, reading the fit coefficients from the input file. An inner loop runs
through the 21 electron temperature points. Within this loop the integral
is evaluated as follows: The lower boundary for numerical integration is set to
the velocity corresponding to the lower boundary Ej,, of the interval where
the cross section fit is valid. If this lower boundary is greater than AFE;_,;,
a second lower boundary is introduced. If there is an effect on the value of
the integral a warning is displayed. The upper boundary is set as the point
where the exponential decreasing distribution function is at ﬁ of its maximum
value. After that the numerical integration is done by using the NAG-Library-
Subroutine DO1AJF. Finally the rate is divided by the beam velocity to get the
reduced rate.

When these loops are done, there is an outer loop over states i and an inner
one over states j. Within these loops the spline coefficients for the cubic spline
interpolating the reduced rates are calculated using subroutines described in
[41]. The output is also done within these loops. After them, the program ends.

The program proratnal-2 uses H+ param.ipp as input file. There is also
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an upper boundary for the upper boundary calculation, to avoid leaving the
interval, where the cross section fit is valid. The fitting formulas for the proton
cross sections differ a bit from the formulas for the electrons. For instance inner
shell contributions to ionization have not to be taken into account. There is also
a higher number of fit parameters. In the proton case the output file is called
H+ raten.

To merge the data of the two output files and to format it, so that it can
be directly used in the modeling and electron density calculation programs, the
FORTRANT77-Subroutine ratenblocknal-1.f is used. It simply transfers the
data from the 2 ASCII-Files into one FORTRAN BLOCK DATA Structure (file
raten[Eb].f) that can be included in all FORTRAN programs that need the rate
coefficients.

B.2 Implementation of the beam attenuation mod-
eling

The beam attenuation modeling is implemented in the FORTRANT7 /shell script
program simula, consisting of several modules. Some of these modules are also
used for electron density evaluation in the FORTRANT7/shell script program
absolut and the diagnostic LID. The newer diagnostics LIN and IDA use slightly
modified modules and Fortran95 is used.

The program simula consists of a shell script named sim__na and a compiled
FORTRANTT7 routine named sim_ [Eb] ([Eb] is replaced by the beam energy
in keV). In the following listing short descriptions are given and the differences
to the old (Li-beam) modules are mentioned. All details are commented in the
source code.

shell script sim _na

The shell script sim na handles the command line arguments and starts the
program simula. It has to be called by "sim na Ebeam [Zeff-File] Outputfile
zeff _abs [amatfile]". If the arguments are not set, the user is asked for them
or they are set to standard values. All relevant information is then written into
the file ein.dat and finally the program with the defined beam energy is started.

Absolut.parameter

Contains parameters. For the modeling only the first parameters, dimensions
for arrays and the beam coordinate steps for the output-profile, are used. The
other parameters control the shooting method in the program absolut, where
the same parameter file is used (see .

raten[Eb].f

This is the BLOCK DATA file containing the reduced rate coefficient data. See
also [B1
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simimp na.f, simimp_sub_nav3-0.f

The program simimp is the starting point, it calls the subroutine simula (in
simimp _sub_nav3-0.f). Beside the main subroutine simula, some other func-
tions and subroutines are contained in the file simimp sub nav3-0.f.

lesen.f, te lesen.f, te spline.f

The subroutine dichte lesen.f reads the electron density input file sim.dat. The
subroutine Te lesen reads the electron temperature from the input file W7.temp
while the function Temp returns the linear interpolated T.-value.

gitter nospline v1-0.f

This file contains the 2 subroutines A _Matrix and A _Matrix_ dif that calculate
the A-Matrix a;; and its differentiation by beam coordinate z.

The subroutine A _Matrix builds up the matrix by calling the routines in
modimp navl1-0.f and zmod nav1-0.f, where the rate coefficients are derived.
For the internal indexing the states Na 3s and Na 3p are exchanged, so that
the occupation number of Na 3p stands in the first row of the solution vector
of the differential equation. It has to be mentioned, that here the A-Matrix is
calculated out of the reduced rates for each beam coordinate z. For a standard
ne-profile this calculation has to be done about 2000 times. In older versions
used for the Li beam modeling only maximal 21 z positions were evaluated and
the intermediate values were provided by cubic spline interpolation. This was
necessary due to the slower computers at that time. Nowadays it led to big
errors in some cases where temperature profiles with a high gradient at the
separatrix position and low SOL-temperature are used. Because of the badly
chosen knots Matrices corresponding to negative temperature values occurred.
To avoid these errors a direct evaluation was chosen for simula. For electron
density evaluation, where a much higher number of evaluations is necessary, the
interpolation was improved and even accelerated (see chapter [5)).

In the old routines using cubic spline interpolation the differentiation of
the A-Matrix by z was reduced to the differentiation of a polynomial in the
interval between 2 knots. For the new A-Matrix-differentiation calculation the
differential quotient is extrapolated by a rational extrapolation algorithm with
8 knots (distance of knot #i to the evaluation position z is ¢*,i = 1,...,8).
This method reduces the error to a minimum, but costs 9 evaluations of the
A-Matrix. It is not used in the modeling and only necessary in the shooting
method (see . So it was used to provide reference values for the accuracy
test of the improved and accelerated interpolation method.

modimp_nav1-0.f

An amount of functions is contained in this file. These functions provide the
rates for all processes taken into account in the modeling and are called by
the subroutines in gitter nospline v1-0.f that build up the A-Matrix. For the
Zeff-modeling, the functions use functions in zmod nav1-0.f
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zmod_nav1-0.f

Here the rates for collisions of Na beam atoms with impurity ions are calculated,
using the formulas - . Due to the scaling relations for some processes
cross sections for energies below the valid energy range have to be used. These
values for low energies are extrapolated out of values on the edge of the valid
energy interval using simple formulas depending on the process.

B.3 Implementation of the program absolut

The structure of the implementation is very similar to the implementation of the
modeling in the program simula. The program absolut consists of a shell script
named abs and a FORTRANT7 program with compiled name abs_[Ebeam].
Some of the FORTRAN77 modules are also used in simula ( raten_[EDb].f,
te_spline.f, modimp nav1-0.f, zmod nav1-0.f ) and were already described in
[B2l Some other functions and subroutines are also the same or similar in both
programs, but are in different modules / files. Again an overview is given, with
focus on changes that were done. All details are commented within the source
code.

shell script abs

The shell script is the starting point of the program absolut. It has to be called
with (optional) arguments by the command "abs Inputfile [Errorfile] [Ebeam]
[Zeft-File] [global smooth factor] [central Zeff value]". The user may be asked for
undefined arguments, otherwise standard values are used. The arguments and
user data are then written into a file ein.dat to offer them to the FORTRANT77
program. Finally this FORTRANTY7 program abs [Ebeam] is executed.

absmain nav1-0.f

This file contains only the main program absolut. An enumeration of the major
calculation steps and function/subroutine calls gives a good idea of the program
structure:

Definition and initialisation At the begin the Absolut.parameter file is in-
cluded, the main variables are defined and data values are initialized

Reading data At first the subroutine Dialog is called, where the data of fort.7
and ein.dat is read in. Then the data of the error file is extracted by
the subroutine Lesen li rel. The subroutine lesen reads the emission
profile in the given input file, and READFIT puts the data necessary for
impurity ion rate calculation into common blocks. The next step is reading
the Z.ys-profile by Zeff lesen and processing the data to splines for frac
and ¢ values.

B-matrix The B-matrix, consisting of the rates for spontaneous emission, is
generated.

Adding noise to the profile This part of the program is not used in any
more in the actual version, in the past it enabled to add some noise to
profiles provided by modeling.
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Density calculation using different smooth factors This option is also not
used any more, only in older program versions.

Some initialization and pre-calculation At the beginning of the final big
loop (in actual versions its contents is only executed once) some initiali-
sation and calculations are done, preparing for the following steps.

Smoothing the measured emission profile In this part the measured line
emission profile is smoothed. Therefore, one of two smoothing methods
is chosen. The first option uses the NAG Fortran Library subroutine
E02BAF, while the second one runs the FTSMOOTH subroutine (con-
tained in fourier.f) first and then the NAG Fortran Library subroutine
E02BEF. Both methods compute cubic spline approximations to the mea-
sured emission profile data set.

Before starting the shooting method Before the shooting method for de-
termination of the factor « is applied, the spline coefficients for the A-
matrix are computed (by calling the subroutine z_gitter gen in gitter linearv-
10.f). Further it is tested if the nominator in gets negative within
the integration domain, because this indicates a singularity.

Apllication of the shooting method Within a while loop the shooting method
is implemented, using the NAG Fortran Library subroutine DO2CJF (con-
taining a variable-order, variable-step Adams method) for solving the
ODE. The functions and subroutine contained in shootv3-1.f are also used.

Final density calculation Finally the electron densitiy is calculated using
again the NAG Fortran Library subroutine DO2CJF with the physical fac-
tor « calculated in the prior step. The output is handled via the function
output (call by reference by DO2CJF).

diffglgv5-1.f

Herein severals subroutines and a function concerning the differential equation
are contained. The subroutine fcn provides the right hand side of the differential
equation . The subroutine dens calculates the density for a given Li2p
emission profile. While the function profil offers the Li2p value at position z,
the subroutine diffpro provides its first and second derivative at this position.

fourier.f

The subroutine FTSMOOTH smoothes a linear real array by Fourier Trans-
formation into frequency domain, cutting off the higher frequencies and finally
applying the inverse Fourier Transformation. Parts of the algorithm are put
into the other two subroutines that are contained in this FORTRAN-file.

gitter linearv1-0.f

This file contains the subroutines that generate the A-matrix and its differential
and provide them for the differential equation solvers and the shooting method
routines. The subroutine A mat gen generates the A-matrix for a given z-
coordinate and writes the data into a COMMON BLOCK array with given index
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k. It uses the subroutines and functions in modimp nav1-0.f and zmod navl-
0.f and sums up the provided rate coefficients (see equations , )

The subroutine z_gitter gen generates a sequence of interpolation nodes for
the A-matrix. If electron temperature changes more than 100*Te change %
(typically 20 %), a new node is set. To have enough nodes for flat T,.-profiles
and to omit big errors in the SOL, a maximal distance between two neighbored
nodes is defined (maxstep, typically 0.5cm). After the node definition the A-
matrix is generated by A _mat _gen at the nodes. Further linear interpolation
coeflicients corresponding to these data points are calculated and stored into a
COMMON BLOCK array.

The subroutines A _mat and A _mat_dif calculate the interpolated A-matrix
and its differential by z for a given beam coordinate z. They use the COMMON
BLOCK data values produced by the subroutine Z gitter gen, the output is
again written into a COMMON BLOCK. Beside the search for the interpolation
interval index the numerical effort of both routines is very low (2 operations per
matrix entry for A _mat, only an assignment per entry in A _mat_ dif).

Up to this version of absolut, cubic spline interpolation with maximal 21
nodes and no maximal step was used for the A-matrix (file gitterv4-0.f). This
caused problems for certain temperature profiles with steep gradients, where
A-matrices corresponding to negative temperatures in the SOL were produced.
In the actual version this problems can not occur. The numerical effort also
decreased (old version: 6 operations per matrix entry for both subroutines).
The accuracy could be kept equivalent or even raised by increasing the number
of nodes to a maximum of 50. Here some tests were made by comparing the so-
lutions to reference profiles produced by using gitter nospline v1-0.f. Another
advantage is the better correspondence to the interpolation of the temperature
profile, that has been changed from cubic to linear splines already before.

inout navl-0.f

Contains Subroutines for input and output.

method2v5-2 augd.f

The contained subroutines dichte and diff, as well as the function lambda, are
used for electron densitiy calculations using the so-called "2nd method".

read nav1-0.f

Contains the subroutine lesen, that reads the emission profile out of the given
input file, and the subroutine zeff lesen, that reads the Zeff-profile. zeff lesen
has been changed so that its the same as the subroutine zeff lesen in the pro-
gram simula. This reduces the risk of systematic errors in Zeff-calculations and
simplifies program improvements.

read errorv2-0.f

Contains the subroutine lesen 1i rel, that reads the relative error of the emis-
sion profile out of the error-file.
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reff.f

Contains the function reff that returns 0.

shootv3-1.f

Contains the functions next fak and kappa as well as the subroutine analyze.
These are part of the shooting method implementation.

B.4 Changes in the implementation of the new
probabilistic evaluation algorithm

As for the conventional Li beam electron density algorithm changes had also to
be done in the new probabilistic evaluation algorithm, used for diagnostic LIN,
IDA [35].

Here all modules and changes within them are listed:

Mod _lib_atomic N_Li0 (number of Li/Na states) change from 9 to 8.
changing the number of states also in read rate and its debug part.

Mod _lib_zmod Taken over from zmod_nav1-0.f, changed to FORTRAN90/95,

warnings are commented out.

Mod lib modimpv Changing all Z.;; parts like in modimp_ nav1-0.f: zex
+ zex3l — ZEXsigma, zion + zcxcs — ZELOSS.

Changing the Einstein coefficients from Li to Na.

The variable tempdim max has been used for both A Matrix (initial in-
tention) as well as for rate coefficient interpolation node numbers. For the rate
coefficients the number of nodes is now fixed at 21, because this number is also
fixed by the rate input files and the interface between these two programs is
not intended to be changed. This leads to the possibility of individual change
of the A Matrix interpolation node number as well as the interpolation order.
Tests in program absolut have already shown advantages in numerical effort and
accuracy using linear interpolation with about 50 nodes.

Mod _libe After calling read _rateinread_lid_params the subroutine READ-
FIT is now additionally called. This subroutine reads the values necessary for
Zeyy parts.

Libe utils Possible changes to linear interpolation with 50 nodes, maximal
node distance 5 mm and maximal change in T, 20%.

Libe.inp Important input file. Change of the parameter directory and the
ion mass. Out of the parameter directory important data like spatial position
of the observed signals and rate files are used.
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additional changes

There are also a few very tiny changes not mentioned here, like in initialization
or change of variable types. Concerning the overall evaluation program after
the implementation of the Na version like described here it is merged with
the Li version using a selection parameter type ion that is set to 'Na’ or 'Li’,
depending on the shot number. Therefore the shotnumbers where the emitter
is changed from Na to Li or the other way around are logged.



Appendix C

Programs used for data
processing, evaluation and
visualization

Additionally to the programs described up to now, several IDL and MATLAB
programs were written and used for data processing, evaluation and visual-
ization. While the FORTRAN programs are used mainly for the numerical
algorithms and basic calculations, the IDL programs operated one step above,
providing data for the FORTRAN programs and postprocessing the results. The
MATLAB functions written for this work were then mainly used in the final step
of evaluation and visualisation.

All programs and functions used in this work are contained in the DVD and
non-trivial code is well commented, so that a detailed description of all programs
is not necessary here.

C.1 IDL programs

IDL programs were mainly written for two purposes:

1. for calling the FORTRAN programs simula and absolut with the right
options and parameters, including pre- and postprocessing tasks.

2. for access to the ASDEX Upgrade database, meaning evaluation of the

data provided by the several diagnostics mentioned in this work (as LIA,
LIB, ..., IDA).

C.2 MATLAB functions

A broad amount of MATLAB functions was produced for data file reading,
data processing and data visualization. All used functions are contained in the
MATLAB directory at the DVD. Here the types of used functions are described.
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C.2.1 data reading functions

These functions read data out of ASCII files that are provided by FORTRAN
or IDL programs and containing electron density profiles, for example. The
data is then put into variables (mainly matrices) for further processing and
visualization.

C.2.2 data processing functions

These functions are sorting, averaging, transforming or grouping data sets. An
example is the piecewise linear transformation of data values or the calculation
of penetration/evaluation depths as defined in

piecewise linear transformations

Very simple, but useful functions imaging x (a single value of an array of values)
to y via a piecewise linear function that is given by a table of discrete x and y
values. In this work these functions are often used for transformations between
different one dimensional coordinates, like beam coordinate x, major radius
T'mag, midplane radius 7yidplane and normalized poloidal radius p,,;.

C.2.3 plotting functions

After the data is prepared the plotting functions visualize it. Title and leg-
ends are automatically generated depending on discharge type and number,
for instance. Most figures in this work were generated using these MATLAB
functions.
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