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Abstract. High precision measurements of fast ion effects on the magnetic
equilibrium in the ASDEX Upgrade tokamak have been conducted in a high-power
(10 MW) neutral-beam injection discharge. An improved analysis of spectral
Motional Stark effect data, based on forward-modeling including Zeeman effect,
fine-structure and non-statistical sub-level distribution revealed changes in the
~ The results were found to be consistent with results from
order of 1 % in |B|.
the equilibrium solver CLISTE. The measurements allowed to derive the fast ion
pressure fraction to be ∆pF I /pmhd ≈ 10 % and variations of the fast ion pressure
are consistent with calculations of the transport code TRANSP. The results
advance the understanding of fast ion confinement and magneto-hydrodynamic
stability in the presence of fast ions.
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1. Introduction
Fast ions will play a crucial role for burning plasmas [1, 2]. The quality of their
confinement is essential for feasible and economic operation of a fusion reactor. At the
same time, the effect of fast ions, e.g. on the magnetic equilibrium, is of fundamental
interest in magnetic confinement fusion. In general, the magnetic configuration
of a magnetically confined plasma is strongly related to the local plasma pressure
~
and the current profile. The magneto-hydrodynamic force balance ∇p = ~j × B
describes a condition for stationary magnetic equilibria. Changes in the fast ion
population can cause diamagnetic effects which decrease the toroidal magnetic field
by about 1 % [3, 4], and these small effects, though difficult to detect, are of great
importance for the local state of the plasma. Even more difficult is the measurement
of changes to the local poloidal magnetic field (due to current profile reconfiguration)
[5, 6, 3]. Consequently, the detection of these small variations requires highly
sophisticated techniques, including corresponding qualified data analysis. Therefore,
high precision measurements of fast ion effects on the magnetic equilibrium in the
ASDEX Upgrade tokamak have been conducted during high-power (10 MW) neutralbeam injection. An improved analysis of spectral Motional Stark effect data, based on
forward-modeling including Zeeman effect, fine-structure and non-statistical sub-level
~ The specific advantage of
distribution revealed changes in the order of 1 % in |B|.
forward-model-based analysis is the strong reduction of free parameters: rather than
independent spectral lines, the lines are fitted with a model of the entire multiplet
which is derived from much smaller number of physics quantities. This allows new
analyses of fast ion pressure effects in high-power ASDEX Upgrade discharges.
Motional Stark effect (MSE) polarimetry, often denoted by MSE-LP, is routinely used
in many fusion devices to measure the magnetic pitch angle [7, 8, 9, 10]. In this
paper spectral Motional Stark effect measurements of the internal local magnetic field
[11, 12] are performed. Spectrally resolved MSE measurements aim to employ the
MSE multiplet. The concept relies on the observation of the Balmer-α transition
(n = 3 → 2) from highly energetic injected deuterium particles which are excited by
collisions with ions and electrons. The beam particles have a velocity ~vb with respect
~ The emission is practically split into 9 observable
to the background magnetic field B.
~ L = ~vb × B,
~ acting on atoms in their
Stark components by the electric Lorentz field, E
moving frame of reference. The resulting π (∆ml = 0) and σ (∆ml = ±1) lines
of the Stark pattern are polarized parallel and perpendicular, respectively, to the
local Lorentz field. Therefore, the polarization of the Stark lines is sensitive to the
~ L . From the line splitting, ∆λ, the Lorentz field and thus |B|
~ can be
orientation of E
deduced [13, 14, 11]. Spectral MSE measurements based on the line ratio are usually
denoted by MSE-LR, whereas spectral MSE measurements applying the line splitting
are called MSE-LS.
Spectral MSE measurements have been reported earlier [8, 12]. In this paper a
comprehensive consideration of both atomic physics and polarization properties is
applied thereby exceeding earlier versions of the forward model [15].The extended
forward model, which we call combined Zeeman and Motional Stark effect (ZMSE)
model to account for the extensions, was validated with a reference discharge with
applied variation of the toroidal magnetic field [15].
This paper is structured as follows. First, the combined Zeeman and Motional Stark
effect model is briefly described. Typical spectra and the experimental set-up are
briefly summarized. Experimental investigations on fast ions effects are described and

3
discussed. A summary concludes the paper.
2. Combined Zeeman and Motional Stark effect diagnostic at ASDEX
Upgrade
2.1. Measurement technique
The setup of the ASDEX Upgrade spectroscopic ZMSE diagnostic is described in
detail in [15]. Similar systems can be found on many fusion experiments [8, 16, 17, 9].
On ASDEX Upgrade, the beam emission of six different positions along the beam axis
(channel) is observed with a mirror which is installed near the plasma boundary. A lens
system focuses the light onto a fibre bundle which relays the light to a spectrometer.
A two-dimensional CCD camera is used to record the full beam emission spectra,
including the intense Balmer-α edge emission. To avoid saturation on the CCD-chip,
this emission line is blocked out by a thin metal wire which is positioned at the exit
plane of the spectrometer exactly at the wavelength of this line.
2.2. Forward modeling of the combined Zeeman and Motional Stark Effect spectra
A typical beam emission spectrum observed at ASDEX Upgrade and the corresponding
fitted data of the forward model are displayed in the upper plot in Fig. 1 for one
position (R = 1.77 m, z = 0.09 m) at t = 3.87 s. The neutral beam injection on
ASDEX Upgrade consists of three energy components E0 , E1/2 , E1/3 due to the beam
generation process [18]. The dominating CX emission line is slightly shifted with
respect to the cold Hα and Dα emission lines (at around 656.1 nm). The gray rectangle
indicates the spectral region at which the signal was suppressed by a blocking wire
to avoid saturation at the CCD detector. On the blue-wing side (653 . . . 655 nm) the
splitting of the Balmer-α lines of the fast beam particles is clearly visible. It consists
of a superposition of three Zeeman, Stark and fine structure (ZMSE) multiplets
corresponding to the full, half and third beam energy, each of them Doppler-shifted
by ∆λD . The spectral lines are broadened by the Doppler effect due to the divergence
of the neutral beam. The multiplets of the beam components at full, half and third
energy are denoted as d~ZMSE (E0 ), d~ZMSE (E1/2 ), d~ZMSE (E1/3 ).
Since the spectrum is overlapped partly by the CX emission line and biased by two flat
and spectrally broad components (these being the fast ion Dα emission line d~FIDA
and the cross-talk on the chip d~CT ), a good description of these spectral features
is required. To pronounce the aforementioned main spectral features, a constant
background is subtracted from the spectral data.
~ is made by fitting a forward model resulting
Data analysis of the experimental data D
~
in synthetic data d. The fit results in the best fitting values for the Lorentz field
~ L [15, 19, 20].
E
The model consists of a constant background signal (d~Bg ), carbon impurity lines
(d~Imp ), active charge exchange (d~CX ), a fast ion Dα signal (d~FIDA ) [1, 21] and the
ZMSE pattern (d~ZMSE ). Moreover, cross-talk on the CCD-chip during the readout
process (d~CT ) is included into the forward model:
~ EL ,B,L-S , p~) = d~
~
~
~
~
~
d(F
(1)
CX + dBg + dImp + dCT + dFIDA + dZMSE ,
where the parameter p~ reflects all settings, e.g. calibration factors. Within the small
spectral range of the wavelength, the background could be described by a constant.
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Figure 1. Top plot: Experimental data from the ASDEX Upgrade beam
~ consisting of active and passive charge~ modeled spectrum d,
emission spectrum D,
exchange emission d~CX , the combined Zeeman and Motional Stark Effect and fine
structure multiplets d~ZM SE , CII edge emission d~Imp , fast ion Dα component
d~F IDA and cross-talk d~CT . The filled area represents the calculated ZMSE
spectra for the full (blue), half (red) and third (green) energy component. In
this measurement the Balmer-α edge emission has been optically blocked to avoid
over-exposure of the CCD detector. Both the experimental
and the fitted data
P
(Di −di )
1
are background substracted. Bottom plot: X = N
as
a measure for the
σi
goodness-of-fit.

The charge exchange (CX) components (pedestal and active CX emission) were found
to be well described by two overlapping Gaussian curves as functions of the wavelength.
The widths of the Gaussians can be assigned depending on temperature and rotation
velocity, which also affects the shift. In the plasma core a temperature of about
TCX ≈ 3.5 keV was determined for the active CX emission line, which is in the range
of values determined by kinetic measurements, cf. Fig. 2. The line is shifted to
λCX ≈ 655.83 nm. The pedestal line has a temperature of about TCX = 0.3 keV and
is almost unshifted. The amplitudes of the Gaussians representing individual spectral
components are a measure for the number of beam particles.
The impurity carbon lines are modeled in a similar fashion as the Dα -CX lines, using
the temperature, atomic mass of carbon, line position and amplitude.
The broad fast ion Dα signal, d~FIDA , overlaps the whole MSE spectrum but is of
low intensity [22]. In order to avoid the high modeling effort required for the small
contribution of the FIDA signal, this component is approximated by two overlapping
Gaussians of low heights at distinctly different wavelengths and with a large width of
≈ 1.5 nm (dependent on the position).
The Balmer-α splitting is based on a MSE model which is extended by a correction
factor that considers the line shift of the MSE lines due to the admixture of the Zeeman
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effect.
The model of the ZMSE spectrum considers all 15 (σ and π) Stark components with
a Gaussian spectral profile function. To consider the different energies, three MSE
spectra are modeled using the amplitude, Abi , the Doppler-shifted position of the
P
P
central σ0 line, the line position, λELi,π,σ , and the line ratio TP =
Iπ / Iσ .
The Einstein coefficients Aπ,σ for the π and σ lines of the Stark spectrum are taken
from [23]. The width σwi is due to the beam width (Doppler effect) and the instrument
function.
In order to take into account the line shift of the MSE lines due to the Zeeman
effect and the fine structure, the correction factor ∆λ(EL ,B)i,π,σ is implemented into
the forward model. Thus the improved description of the Balmer-α splitting in the
forward model is:
"

2 #
3
X
X
λ − (λELi,π + ∆λ(EL ,B)i,π,σ )
1
d~ZMSE =
Abi Iσ
Aπ exp −
2
σwi
π
i=1
"
2 #!

X
1 λ − (λELi,σ + ∆λ(EL ,B)i,π,σ )
.
+Iπ
Aσ exp −
2
σwi
σ
Non-thermal distribution of sub-levels are considered by a density and beam energy
dependent parameter that was calculated by a collisional-radiative model [24] and
used as a correction factor for the line ratio of the π- and σ-polarized lines
TPns = cns · TP .
(2)
Changes in the line ratio and the line mixing effect in the case of the combined Zeeman
and Motional Stark effect are considered by an additional correction factor for TP .
Thus the corrected line ratio is
TPns,ZM SE = cTP · TPns .
(3)
Deviations of the beam direction and width between the three energy components in
the applied MSE geometry are deduced from beam-into-gas calibration experiments
[25]. Thus separate widths and small deviations in positions can be calculated and
incorporated into the forward model for each beam energy component, respectively.
Since a frame transfer CCD-camera is used, cross-talk on the detector is generated
during each frame transfer (vertical shift). This adds to all spectra recorded with
the CCD-chip and is considered by d~CT . The smearing between the channels on the
CCD-chip is estimated by combining the calibration data obtained from a covered
channel, d~CT0 , with a channel dependent binning factor, Cbin , (to gain higher signals
several rows are binned to one channel) and a model parameter for smearing, Csm :
d~CT = d~CT0 · Cbin · Csm .
(4)
P
(Di −di )
1
2
The fit is based on minimizing the XN = N
. The pixel and channel
σi
dependent error σi of the data has been determined by calibration measurements
at varying radii. In the lower subplot of Fig. 1 the goodness-of-fit per pixel, X , shows
that the forward model gives a very accurate description of the experimental data.
3. Fast ion effects in NBI heated high-β discharge
3.1. Discharge overview
In order to asses the potential sensitivity of spectral MSE measurements to fast
ion effects, a discharge with stepwise increasing heating power up to 10.8 MW was
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Figure 2. Time traces of important discharge parameters and quantities of
discharge 26323 on ASDEX Upgrade: heating power (a.), plamsa current and
toroidal magnetic field at axis (b.), temperature (c.) and density (d.) of ions and
electrons. The shaded regions in (c.) and (d.) indicate the 1σ error bands of the
respective quantity.

conducted within this work. Purpose of the experiment was to examine the effect
on the plasma equilibrium. Fig. 2 shows relevant time traces of discharge# 26323
on ASDEX Upgrade. Fig. 2 (a.) indicates the applied heating: Electron cyclotron
heating (ECRH) was applied in order to prevent tungsten accumulation in the plasma
center [26, 27]. Neutral beam injection (NBI) heating with deuterium beams was
provided by four 2.5 MW NBI sources for t > 1.2 s. The more tangentially off-axis
deposited heating power of the injected NBI6, the more radially on-axis heating power
of NBI8 and NBI5 are added to beam heating of NBI3 used for the sMSE diagnostic.
Details about the geometry of the applied beams can be seen in Fig. 3 which shows
the toroidal (a.) and poloidal view (b.) of ASDEX Upgrade. Fig. 2 (b.) indicates the
total toroidal plasma current with Ip = 0.8 MA during the flat-top phase (t > 0.8 s)
and the external toroidal magnetic field of Bφ = −2.48 T. Fig. 2 (c.) and (d.) show
the temperature (Te ) and density (ne ), which were determined with the integrated
data analysis [28], which includes experimental data of the interferometry, electron
cyclotron emission and lithium beam: the black lines represent the central electron
temperature and central electron density. The red lines represents the central ion
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temperature (Ti ) determined from profile fits from charge exchange recombination
spectroscopy data. The central ion density (ni ) is calculated from ne and Zef f . Since
Zef f measurements were not available for this specific discharge, typical values were
taken from discharges at similar heating power and densities. The variation of those
Zef f was accounted for in a fairly large error resulting in hZef f i = 1.5 ± 0.3.
The errors in Fig. 2 (c.) and (d.) come from uncertainties of profile fits of the
underlying measurements and the Zef f assumption and allow the conclusion that
periodic structures observed in the signals are significantly beyond the noise level.
The periodic oscillations in the signals, especially in the ion and electron temperature
time traces are due to sawtooth oscillations in the plasma, which could be also observed
in the soft-X ray data. The main aspects of the discharge are the stepwise increase
and decrease of the NBI heating power at time points indicated by the vertical dotted
lines.
(a.)

ASDEX Upgrade:

(b.)

Figure 3. Geometry of applied neutral beam injection for discharge# 26323 toroidal (a.) and poloidal (b.) view. Since NBI5 and NBI6 are injected from the
same NBI box with the same toroidal orientation they are shown in dashed lines
in the (a.).

3.2. Fast ion pressure variation deduced from the measured Lorentz field variation
In this section the variation of both, total and fast ion pressure are derived from the
Lorentz field as an application of the combined Zeeman-Stark effect diagnostic. The
results are compared to results of the equilibrium solver CLISTE and the transport
code TRANSP [29].
In Fig. 4 (b.) the time traces of the central pressure, based on the given experimental
data, pkin = 3/2kB · (ne Te + ni Ti ), the central fast ion pressure, pF I , gained from
TRANSP and the central magneto-hydrodynamic pressure, pmhd = pkin + pF I , are
presented. Furthermore, the stored fast ion and magneto-hydrodynamic energies,
calculated with TRANSP are given in (b.). The corresponding time evolutions of
the Lorentz fields and pitch angles calculated with the MSE forward model and the
forward model of the combined Zeeman and Motional Stark effect are shown in (c.)
and (d.) for a central position.
The NBI sources differ in the direction of injection (Fig. 3 and [15]), which is of
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Figure 4. Time traces of central kinetic, mhd and fast ion pressure as well as
the related stored mhd and fast ion energies (b.). The time evolution of the
experimentally measured Lorentz fields and pitch angles, made by fitting the
spectra using the ZMSE or MSE forward models, are shown in (c.) and (d.),
respectively.

importance when discussing equilibrium results in detail, the NBI heating sources
mainly generate fast ions in the direction of heating. NBI3, NBI5 and NBI8 point more
perpendicular and only NBI6 more parallel to the magnetic field. Thus there is a higher
production of fast ions with perpendicular velocity, which results in an anisotropic fast
ion pressure. The TRANSP results confirm this and show a relation for the fast ion
pressure of (pF I,⊥ − pF I,k )/pF I ≈ 0.13. Since the difference of perpendicular and
parallel fast ion pressure related to the total pressure (pF I,⊥ − pF I,k )/pmhd ≈ 0.04 is
even lower, pressure anisotropy is not considered further.
The time traces of the central total pressure and central total energy reflect the heating
pattern: additional NBI heating leads to a rise and reduced NBI heating leads to a
decrease of these quantities. The diamagnetic decrease in the magnetic field due to
the rise in the total pressure can be observed in the decrease of the modeled Lorentz
field in (c.). This behaviour is mainly related to changes in the toroidal magnetic field
whereas variations in the pitch angle, shown in (d.), are mainly related to changes in
the poloidal field. The Zeeman effect does not significantly change the shape of the
Lorentz field and the pitch angle [20] but contributes as an offset in these magnetic
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quantities. Therefore, for relative changes the ZMSE forward model does not add
significant information compared to the MSE forward model.
As depicted in Fig. 4 (b.) additional NBI heating not only increases the thermal
plasma pressure but also increases the production of high energetic particles (fast
ions), which gyrate around their guiding center and thus induce a magnetic field
component almost anti-parallel to the toroidal magnetic field. The high contribution
of the fast ion pressure in the total pressure of more than 30 % indicates that the
generated fast ions lead to detectable changes in the magnetic configuration and need
to be considered in equilibrium reconstruction. This effect is reduced for lower total
pressures.
In Fig. 5 the time evolution of the Lorentz field calculated with the improved forward
model (a.) is compared to results of CLISTE (b.) for five different radial positions.
On top of the figures the applied method is labelled. The CLISTE run was constrained
by external magnetic measurements, the safety factor on the magnetic axis (qax = 1)
and by the total pressure profile.
The time traces of CLISTE calculated signals show a significant response on the
heating variation consistent to the findings for the measured Lorentz fields in Fig. 4
(c.). The stepwise increase and decrease of the NBI heating power lead to a change
in the measured Lorentz field followed by an exponential decay phase. The ZMSE
ZMSE
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Figure 5. Measured Lorentz field using the ZMSE forward model (a.) and
CLISTE right (b.). The CLISTE [30] run was constrained by magnetic edge
data and by a total pressure profile, q was set 1 at the axis. The data were fit
with an exponential approach as shown by Eq. 5. The shadowed regions indicate
the 1σ error band of the fit.

data show a lower noise level for the outer positions than CLISTE data. Towards
the plasma core the noise level of the ZMSE data rises due to the beam attenuation.
In order to calculate the Lorentz field variation due to changes in the heating, the
CLISTE and ZMSE data were fitted with an exponential decay:



t0 − t
E(t) = E0 + ∆E 1 − exp −
,
(5)
τD
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with the fit parameter E0 denoting the Lorentz field at the beginning of each heating
phase and ∆E denoting the amplitude of the change of the Lorentz field. t0 represents
the onset-time of each heating scenario phase and τD the decay time. The latter fit
parameter is a measure for the confinement times in ASDEX Upgrade.
The obtained values for the decay time lie in a range of 20 ms . . .300 ms with a high
uncertainty up to 250 ms. It is noted that for the ZMSE measurements the time scale
of the field relaxation when NBI5 is turned off (t ≥ 3.6 s) is faster than the observed
time scale when NBI5 is turned on (t ≤ 3.6 s), cf. Fig. 5. While ZMSE and CLISTE
results agree qualitatively, compared to CLISTE, the ZMSE measurement shows a
faster increase of the local Lorentz field when NBI5 is turned off, e.g. for R = 1.78 m
τD (ZM SE) = 47 ms ± 17 ms and τD (CLIST E) = 158 ms ± 76 ms. The reason
for this discrepancy is not clear. However, one should keep in mind that CLISTE
derives the local quantities from an equilibrium model which assumes an isotropic
pressure distribution, and thus, needs some kind of regularisation for the functions
describing current and pressure profiles and has no direct measurement of the fast ion
contribution. This inconsistency could be attributed to effects not included in CLISTE
such as pressure anisotropy or unaccounted fast ion losses. But this will be investigated
in future. However, the calculated decay times of both methods agree in magnitude
with the known slowing down times of fast ions and with the energy confinement time
for the ASDEX Upgrade, both of which are about 60 ms. All four parameters in Eq.
5 depend on the heating interval and of the position (R, z). The shaded area indicates
the 1σ interval of confidence of the fit. The radial dependent deviation of 0.45 %
(R = 2.00 m). . . 1 % (R = 1.78 m) with a mean deviation of rms = 0.7 % indicates a
good agreement between both methods, ZMSE and CLISTE, for this discharge.
Now we examine the sensitivity of ZMSE measurements on pressure changes. From
the related Lorentz field variation the total pressure variation can be deduced using
the pressure balance equation in cylindrical approximation
dp
Bθ d (rBθ )
+
·
= jθ Bφ ,
(6)
dr
µ0 r
dr
with the poloidal current density
1 dBφ
jθ = −
(7)
·
µ0 dr
the magnetic permeability µ0 and the minor radius r. For the diamagnetic limit,
where the pressure gradient is the dominating part Eq. 6 can be reduced to
!
Bφ2
d
p+
=0
(8)
dr
2µ0
The measured Lorentz field is mainly related to the toroidal magnetic field. Thus
modifications in the toroidal magnetic field can be approximated by Lorentz field
variations and the pressure balance equation for the diamagnetic limit can be written
as:
∆ELDia B 2
∆p ≈ −
·
,
(9)
EL
µ0
In order to take into account only the diamagnetic effect (∆ELDia ), Lorentz field
changes due to the Shafranov shift (∆ELS ) need to be subtracted from the measured
total Lorentz field variation (∆EL ). The contribution of the Shafranov shift to
the total field variation is calculated by the CLISTE equilibrium code and is
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approximately given by ∆ELs /EL ≤ 0.1 %.
Fig. 6 (a.) and (b.) show the variations of the pressure for the most significant cases
when NBI5 is switched on (a.) and off (b.). Results from different methods TRANSP
(mhd), kinetic measurements (kin), forward model (ZMSE) and CLISTE (CL) are
compared with each other. Consistent with the findings in Fig. 4 (b.), additional
heating leads to a rise and reduced heating leads to a decrease of the total pressure
and kinetic pressure. The effect of the heating is most significant in the plasma center,
here |∆ptot | ≈ 40 kPa and |∆pkin | ≈ 23 kPa when NBI5 is switched on. Towards the
the plasma edge the pressure variation vanishes. This indicates that the pressure
profile gradient increases with additional NBI heating and vice versa.
The pressure profile change calculated from the ZMSE data shows the same behaviour.
Within the errors, the ZMSE data (black bold line) show a good agreement with the
total pressure results from TRANSP (black dashed line) for both, NBI5 on (Fig.
6 (a.)), and NBI5 off (Fig. 6 (b.)), cases. Moreover, these results are consistent
with the determination of the total pressure variation by CLISTE (blue and red
curve). It should be noted that CLISTE calculations showed low sensitivity to the
pressure profile it was constrained with. In the error the position and time dependent
uncertainties of ∆EL , EL and of B are included. The difference between both CLISTE
calculations is within the range of error.
With the knowledge of the kinetic pressure change, the fast ion pressure variation can

Figure 6. Comparison of pressure profile variations for the heating scenario
transition NBI5 switched on (a.) and (c.) and NBI5 switched off (b.) and (d.):
the upper panels show the total and kinetic pressure variation, the lower pannels
present fast ion pressure variation. Error bars from error propagation equation
taking into account the 1σ uncertainty of ∆EL , EL and B.

be calculated. The results (black line with symbols) are compared with the TRANSP
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calculations (red dashed lines) in the panels (c.) and (d.) of Fig. 6 for the transitions
NBI5 on and NBI5 off. Although there are discrepancies of about 1 . . . 5 kPa the
profiles shape agrees with each other and the data fit within their 1σ confidence
interval. It can be concluded that with the spectral ZMSE diagnostic small changes
in the magnetic configuration and, moreover, total pressure and thus together with
the kinetic pressure from kinetic measurements the fast ion pressure variations can be
measured. The detected variations in the fast ion pressure fraction are ∆pF I /p ≈ 10 %.
3.3. Pitch angle
Now the sensitivity of the ZMSE method on pitch angle measurements is discussed.
The MSE forward model allows the evaluation of the pitch angle from the ratio of
the σ and π lines from the MSE spectrum [15, 19]. This is true for the extended
ZMSE model as well. Two other methods determining the pitch angle independently
are the MSE polarimetry, which applies the central σ0 line from the MSE spectrum
and the equilibrium reconstruction by solving the Grad-Shafranov equation. In Fig.
7 the time traces of the measured pitch angles (b.) are compared with time traces
calculated by the equilibrium solver CLISTE (a.) and MSE polarimetry (c.). All three
methods are able to detect variations in the pitch angles due to changes in the plasma
heating. Increasing NBI heating leads to a rise of the pitch angles and vice versa,
except for the outer positions. Consistently to the results from Sec. 3.2 the effect is
most significant in the center. The statistical noise is indicated with a shaded area.
The remarkable low noise-level of the ZMSE data is about 0.12 ◦ (R = 2.00 m). . . 0.21◦
(R = 1.78 m). Even if taking into account the three times higher time resolution of
the MSE polarimetry diagnostic the uncertainty of the ZMSE data is less than 50 %
of the uncertainty of the MSE polarimetry data.
Similar to the Lorentz field data the beam attenuation lead to a high uncertainty
in the measured pitch angle for the central position and are not useful for the
later analysis. An offset correction was necessary to bring the data at the same
level. The correction has been performed by a minimizing model, that minimizes the
difference i between CLISTE and ZMSE data and CLISTE and MSE polarimetry
data: 1 = dCLIST E − dZM SE and 2 = dCLIST E − dM SEp . The position dependent
bias is given for each position in the gray boxes in Fig. 7. As can be seen for this
discharge, the offsets of both MSE diagnostics is less than 1◦ . The effects responsible
for the offsets are not yet fully understood, but are matter of current investigation
[11, 31]. First results indicate that besides such apparatus effects as coating on the
vacuum window, or ageing of the photo elastic modulators of the polarimeter set-up,
reflection in the plasma vessel is a likely cause. CLISTE does not account for pressure
anisotropy. The indications for anisotropy change with heating power, the difference
between CLISTE and the measurements does not. Therefore, it cannot be concluded
whether the difference between the ZMSE pitch angle and the CLISTE pitch angle is
due to the fast ion related pressure anisotropy. Due to the occurrence of the offset in
the pitch angle the full potential of the spectral MSE diagnostic, the self-consistent
calculation of the magnetic field, could not could not be applied. However, besides
the calculation of absolute values of EL , the diagnostic can be applied to measure
variations in the pitch angle, e.g. due to changes in the heating scenario.
All three methods, the equilibrium code CLISTE, the ZMSE diagnostic and the MSE
polarimetry diagnostic, showed the most significant changes in γ when NBI source
5 was switched on and after it was switched off again, cf. Fig. 7. In Fig. 8 the
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Figure 7. γ-comparison between ZMSE (a.), CLISTE (b.) and MSE polarimetry
(c.) results. ZMSE and MSE polarimetry results are corrected by an position
dependent offset. The offsets of both MSE diagnostics are given in the gray boxes
for each position. The shadowed regions indicate the 1σ error band.

profiles of the pitch angle variation, calculated with the three methods, are presented
for both, the NBI5 on transition phase (a.) and the NBI5 off transition phase (b.). It
can be seen that for the first case γ decreases at the outer positions but rises at the
inner positions. This is vice versa, for the second case, where NBI5 is switched off.
Although the observed changes are small (−0.5◦ . . . 0.5◦ ), all the independent methods
produced similar results. These facts and the aforementioned low noise level show that
the spectral MSE results are trustworthy and demonstrates that the spectral MSE
diagnostic fulfils required accuracies for pitch angle measurements in fusion devices of
about 0.1◦ . . . 0.5◦ [3].

Figure 8. Variation of γ due to variation in NBI heating: (a.) NBI5 switched
on and (b.) NBI5 switched off. ZMSE data are compared to CLISTE and MSE
results.
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4. Summary and Outlook
By employing the combined Zeeman Motional Stark effect on the hydrogenic heating
beams a high resolution technique for the detection of small effects in the local
magnetic configuration has been developed on ASDEX Upgrade.
A ZMSE forward model was applied to examine variations of fast ion pressure in a highβ discharge scenario with stepwise increasing and decreasing NBI heating power. The
rise of the fast ion pressure with additional NBI heating power could be determined
from their measured local diamagnetic effect affecting the Lorentz field. There are no
changes of the fast ion pressure at the plasma edge, but changes increases towards the
plasma center up to 15 kPa. The findings are consistent with results from TRANSP
and CLISTE. A reduction in the heating power leads to a reduction of the diamagnetic
effect in the plasma and the fast ion pressure was decreased. Thus the diagnostic
method is shown to measure the fast ion pressure variations. The decay times, derived
from the time relaxation of the measured Lorentz fields, were found to be in the range
of the known slowing down and energy confinement times for the ASDEX Upgrade,
which are about 60 ms.
Effects of the fast ions in the pitch angle could be seen in the time evolution of γ
and were compared to equilibrium reconstruction results of CLISTE and to MSE
polarimetry data. The high precision of about 0.12◦ . . . 0.21◦ allows to detect small
variations in the magnetic configuration. The observed position dependent deviation
of around −1◦ . . . − 1.5◦ between ZMSE and CLISTE data are consistent with the
offset which was also observed by the ASDEX Upgrade MSE polarimetry diagnostic.
Once the offset can be determined by a physical model, the full potential of the
spectral ZMSE diagnostic, a self consistent reconstruction of the magnetic field, can
be exploited. Good agreement between CLISTE and ZMSE data were found for the
pitch angle variation for chosen discharge scenario transitions.
Further improvements could be expected by the reduction of the noise by improved
hardware settings, e.g. using a less complex optical path by omitting the polarimeter
set-up. Moreover, the forward model can be refined by considering additional electric
field components, e.g. radial electric field.
In summary, the measurements allowed to derive variations in the fast ion pressure
fraction to be ∆pF I /pmhd ≈ 10 % consistent with TRANSP modeling.
The results advance the understanding of fast ion confinement and magnetohydrodynamic stability in the presence of fast ions.
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