Numerical and experimental study of the
redistribution of energetic and impurity ions by
sawteeth in ASDEX Upgrade

F. Jaulmes!, B. Geiger?, T. Odstréil?2, M. Weiland?,

M. Salewski®, A.S. Jacobsen?®, J. Rasmussen®, M. Stejner?,
S.K. Nielsen®, E. Westerhof!, the EUROfusion MST1 Team?
and the ASDEX Upgrade team?

L FOM Institute DIFFER, Eindhoven, The Netherlands

2 Max-Planck-IPP, Boltzmannstr. 2, 85748 Garching, Germany
3 DTU, Department of Physics, Dk-2800 Kgs. Lyngby, Denmark
4 See http://www.euro-fusionscipub.org/mst1

E-mail: F.Jaulmes@differ.nl

Abstract. In the non-linear phase of a sawtooth, the complete reconnection of field
lines around the ¢ = 1 flux surface often occurs resulting in a radial displacement
of the plasma core. A complete time-dependent electromagnetic model of this type
of reconnection has been developed and implemented in the EBdyna_go code. This
contribution aims at studying the behaviour of ions, both impurity and fast particles,
in the pattern of reconnecting field lines during sawtoothing plasma experiments in the
ASDEX Upgrade tokamak by using the newly developed numerical framework. The
simulation of full reconnection with tungsten impurity that include the centrifugal
force are achieved and recover the Soft X-Ray (SXR) measurements. Based on this
full-reconnection description of the sawtooth, a simple tool dedicated to estimate the
duration of the reconnection is introduced. This work then studies the redistribution
of fast ions during several experimentally observed sawteeth. In some cases of
sawteeth at ASDEX Upgrade, full reconnection is not always observed or expected
so the code gives an upper estimate of the actual experimental redistribution. The
results of detailed simulations of the crashes are compared with measurements from
various diagnostics such as Collective Thomson Scattering (CTS) and Fast-Ion D-
Alpha (FIDA) spectroscopy, including FIDA tomography. A convincing qualitative
agreement is found in different parts of velocity space.

1. Introduction

A sawtooth crash is triggered when the m = 1 mode is destabilized [1], where m is
a poloidal mode number. We have built a numerical model named EBdyna_go [2] (or
EBdyna for conciseness) of the sawtooth collapse based on the original full reconnection
pattern suggested by Kadomtsev [3] with the dynamical evolution of the electromagnetic
fields during the collapse as introduced by Kolesnichenko et al. in [4]. The code evolves
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the ions according to their momentum equation. The first part of the sawtooth collapse
is the ‘crash’ phase where reconnection occurs. The second part is the ‘reorganization’
phase where axi-symmetry of the field line topology is recovered. EBdyna is applied
here in the specific experimental configuration of the ASDEX Upgrade tokamak to
understand the effect of the collapse on ions with different orbit categories (passing or
trapped) and with a large range of velocities (from thermal impurity ions up to Neutral
Beam Injection (NBI) generated 60 keV fast ions).

The experimental conditions and the model for the dynamical evolution of the
electromagnetic field during a sawtooth collapse are discussed in Section 2. An analysis
of the effect of the reconnection on tungsten impurity ions is given in section 3. The
numerical modelling is then applied in section 4 to a population representative of a
60 keV NBI system (line Q3 in ASDEX Upgrade), as obtained by the NUBEAM-
TRANSP solver [5]. We compare CTS [6] and FIDA [7] measurements with the EBdyna
simulations. Finally, Section 5 comments on the various dynamical behaviour of the NBI
ions depending on their energy and pitch, as well as their orbit width and angular helical
precession.

2. Dynamical modelling of the sawtooth collapse in ASDEX Upgrade

2.1. Ezxperimental plasma conditions

The experiments that we consider in this paper include a significant population of fast
particles from the co-current NBI system, representing up to one third of the bulk
pressure. These particles affect the stability of the plasma [8], yielding a sawtooth cycle
with large sawteeth where the radial size of the mixing region 7, extends up to half
of the minor radius @ ~ 0.51m. The major radius of the torus is Ry ~ 1.63m in the
equilibrium as reconstructed by the solver FINESSE [9]. This solver allows in particular
to obtain a representation of the magnetic field in straight-field line coordinates. On
a given flux surface, the safety factor ¢ = dp/dé describes the helicity of the field line
(0 being a poloidal angle and ¢ being the toroidal angle). In table 1 we give values
of the plasma parameters (or their average) at the pre-crash position of the ¢ = 1
flux surface (subscript 1). The subscript 0 refers to the on-axis value. The calculation
of the approximate value of the ideal growth rate +; of the m = 1 mode was done
according to the energy principle (considering the change of potential energy dWymp
related to a small displacement ), using results from [10] and taking into account the
trapped particle damping v, [11] as well as the adiabatic damping ¢ due to the NBI
fast particles [8]. The resulting ideal growth rate is then expressed as:

Y1 =7YMHD + Ver + Ve

2
Va1 [ T1 \/§7T o
=4 SW
YMHD Re ( ) MHD (1)

Ry

S1

A RSMO T1 13
Wao =5 parer0Wamn = =(1 = @) [3( r) T 11

1



Numerical and experimental study of the redistribution of energetic and impurity ions by sawteeth in ASDEX

where v4; is the Alfvén velocity at ¢ = 1 (at approximate radial position r = ;) and

2
Bp1 = (2,“0 . (L> (—42) dr) /B2, (Bg; being the poloidal magnetic field).

T1
In order to write a model dispersion relation for the m = 1 instability, we introduce
the small resistive dissipative term for a given parallel resistivity 7 :
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where @y is an Alfvén frequency at the resonance surface and s; = r1(dg/dr),—,, the
magnetic shear at ¢ = 1 ; o = 47 x 1077 TmA ™" is the permeability of free space.
Without diamagnetic corrections (damping) due to the finite size of the Larmor orbit
pLi, the m = 1 resistive mode growth rate in the large Larmor radius resistive limit is
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A more realistic picture should include the diamagnetic effects related mostly to the

1 dp;
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diamagnetic frequency at ¢ = 1, w,; = and that can be included by using the

dispersion relation [13] :
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which we have solved for the real part and documented in table 1 as 7,. The ion and
electron drift frequencies have been introduced and are defined as:

T; dny T, dne
and  wp. =

(5)

Wni =

eBin;r; dr eBin.r; dr

The value of +, is to be compared with the ideal one in the case of large ideal growth

rate y; > |w,y|: under this condition, when also 7; > 7, the precursor is likely ideal in
nature. Otherwise, when || is small compared with |w,;|, the precursor can be resistive
(or more generally dissipative) in nature as described by equation (4): this version of
the m = 1 internal kink mode is found to be unstable in all cases. The case 7; < —|w.|
corresponds to the drift-tearing mode. In the table 1, sawtooth A might be in ideal
regime, whereas sawteeth C and E are possibly in drift-tearing regime.

2.2. Pre-collapse equilibrium and coordinates

The total pressure profile and the safety factor profile were obtained from TRANSP. The
equilibrium code FINESSE [14] was then used to reproduce these data. The simulations
were performed with a current in the opposite direction as that of the toroidal magnetic
field, as in the experiments. The unit vectors obey e, = er X ez: this results in a
positive toroidal field component and a negative current (figure 1, where the direction
of the toroidal field e, is pointing out of the figure). The output of the equilibrium
code gives us a mesh in the poloidal plane representative of the poloidal flux contours
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Table 1. Comparison of the experimental parameters just before the considered
sawteeth. The global plasma current was I, ~ IMA and the position of the magnetic
axis was approximately at Rgzis ~ 1.68m. Successively listed are: the poloidal beta
Bp1, on-axis safety factor qo ,toroidal rotation €2; , radial position of ¢ = 1, electron
temperature T.;, ion temperature T;;, electron density n.;, Larmor radius pr,i,
electron skin depth d.1, helical flux |1),;[, ideal growth rate v7, diamagnetic angular
frequency |w.;| and reconnection durations (experimental and modelling), dissipative
growth rate <y,o without damping, 7, with diamagnetic damping. 7., refers to the
duration of the reconnection phase of the sawtooth. The ‘exp’ label stands for the
experimental value and ‘reco’ stands for the value obtained from solving expression
(8). The experimental value from SXR signals was not available in case C.

A B C D E
parameter #30382@2.3s | #30382@2.5s | #32324@2.46s | #30815Q2.97s | #31557@2.25s
Byt 0.37 0.38 0.415 0.44 0.257
9 0.65 0.82 0.96 0.86 0.962
Oy (krad/s) 33 45 66 47 70
r1 (m) 0.21 0.2 0.21 0.17 0.22
T.1 (keV) 2.2 2.4 3.0 2.3 2.4
T (keV) 1.7 2.8 2.4 3.3 2.0
ner (10¥m=3) || 2.4 3.5 3.6 3.9 2.85
pri1 (mm) 2.2 2.8 2.6 3.2 2.5
de1 (mm) 1.1 0.91 0.88 0.85 1.0
[s1] (27Tm?) || 0.0115 0.0054 0.0016 0.0031 0.002
yr (s71) 2.5 10% —0.19 10* —8.5 10% —0.38 10* -8 104
|lwsi| (rad/s) 1.71 104 1.8 10* 2.2 10* 3.66 10* 1.8 10*
Yo (s71) 2.0 10* 1.2 10 5.1 10° 1.0 10 6.2 10°
Yy (571 1.9 104 1.0 10* 1.95 103 0.9 10° 2.85 103
Ter €Xp (p1S) ~ 90 130 n/a 150 ~ 160
Ter TECO (UUS) 82 117 200 151 180

and of a straight-field-line poloidal angle. EBdyna matches the pre-crash TRANSP
q profile with a precision of about 8%. FINESSE provides the horizontal coordinate
X(¢,0) = R(1,0) — Ry and the vertical one Z(1,0). Here ¢ is the (divided by 2m)
poloidal magnetic flux. Regarding the description of the particles, the parallel velocity
v) of co-current circulating particles is thus negative. We define the pitch P of a passing
ion as P = — <v||> /v where the average is taken over one bounce-transit orbit and v
is the total velocity, assumed approximately conserved. Correspondingly we also define
the trapping parameter \g = puBy/Exin Where p is the magnetic moment of an ion and
Ein its kinetic energy.

For convenience, we use a length index r to label flux surfaces. It is defined
as 7 = /S(¥)/m where S(¢) is the area of the surface enclosed by the poloidal
contour of the flux surface ¥. We also use the normalized radial flux coordinates
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Figure 1. Left: Geometry of the experiment as represented in the simulations with
unit vectors e, = er X ez. The red arrows represent the intensity and direction
of the poloidal field. Right: Values along the horizontal axis (radial direction ex
at Z = Zaxis) of the helical magnetic flux ¢, compared at two instants during the
reconnection (given in the caption as a fraction of the collapse duration 7..;) in the
case of sawtooth A. The flux included in the orange regions has contributed to the
buildup of the magnetic island as seen on the left figure. The horizontal dashed green
lines indicate the values of the flux reconnecting at each time point.

Pror = \/ Wior/max (o), Wwhere 1o, is the toroidal magnetic flux.

2.3. Description of the sawtooth collapse

The global description considered for the reconnection occurring during a sawtooth
collapse is designed according to Kadomtsev [3] and as sketched in figure 1. Surfaces
that have identical helical flux 1, on both sides of the separatrix reconnect during the
crash and create a new helical flux surface contour. The helical flux corresponds to an
auxiliary helical field B, = (e, x V,)/R. The complete description of the evolution
of the electromagnetic potentials was described in [4] and implemented in EBdyna [2].
Figure 2 illustrates the contours of the electric potential ® during the reconnection in
the geometry of ASDEX Upgrade.

The crash time that we consider in this study is typically of about 7. ~ 120us. In
table 1, the values are based on the radial position of the maximum of emission as seen
in the Soft-X-ray tomography (see figure 3). The total collapse simulation is assumed
to last about 7., ~ 250us. The dynamic is supposed to be close to the one given by the
model described in [4] except that we consider that the reconnection phase of duration
T represents roughly 48% of 7., (it is by default about 65% (or exactly 1 —atan(2)/m)
from [4] when the shaping parameter « is increased linearly with time).

In some of the crashes considered (eg. A and E), the impurity density is not peaked
yet. In theses cases, a large uncertainty of about 50% remains on the real dynamics of
the reconnection. The next section investigates the peculiar behaviour of the maximum



Numerical and experimental study of the redistribution of energetic and impurity ions by sawteeth in ASDEX

—0.157 {—», =010
---)\O =0.54 T e
-0.2] | —», =087 /{’ """""""""""""
0.25F 300 B 7 //._---.__,--_---,_____-__.
02 :
200
0.15,
0.1y 1100 0 05 1 15 2 25
0.05¢ time (s) X 10*4
’g 6
£ 0 0 x 10
~ 1
-0.05/ ;
ol F4-100 % O ALY SR ‘
-0.15 o0 £ (K / VA
-0.2+ > =10 e . ‘o
-0.25¢ : -300 )
15 16 L 18 0 0.5 1 15 2 2.5
R (m) time (s) % 10°*

Figure 2. Left: Representation of the contours of the electric potential ® in V for
the sawtooth reconnection of AUG#30815 at 2.97s (case D). The red lines indicate the
position of the m = 1 island separatrix. Right: compared trajectories of NBI ions of
about 33keV during this sawtooth. These particles were initially in the core and are
redistributed to the mixing radius region. The change of orbit category of the particle
having initially Ao = 0.94 is clearly seen in the bottom figure.

of emission of tungsten due to the high centrifugal force.

3. Comparison of Soft X-Ray tomography with tungsten impurity
simulations

3.1. Modifications of the motions of ions to take into account a centrifugal force

In the simulations, an arbitrary steep density profile of tungsten (W) ions having charge
Z; = 35 [15] and mass m = 3.053 10~ *kg is specified. This arbitrary profile allows to
qualitatively resolve the maximum of density of impurity with a good resolution. The
velocity of the tungsten is distributed according to Maxwell-Boltzmann statistics with
a temperature equal to that of the background ions. Since the plasmas in the ASDEX
Upgrade experiments receive a significant amount of momentum from the NBI particles,
they gain a large angular toroidal rotation €2(¢). This rotation has the direction of the
toroidal current (negative with our convention). The tungsten population undergoes a
significant effect of the plasma rotation that can be described by the centrifugal force
in the reference frame of the plasma: f. = mRQ%er. The effect of the Coriolis force is
assumed to be negligible. The momentum equation and the algorithm used to evolve the
position are found in [2]. The total electric field E felt by the particles is implemented
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Figure 3. Left: magnetic spectrogram for a Mirnov coil in the case of AUG#30815
at 2.97s (sawtooth D). A small precursor activity is measured with a fixed frequency.
Right: (same sawtooth) radial displacement of the core £ as obtained from the SXR
measurements (dash-dotted red line) compared with simulation of tungsten (radial
position of maximum of density in black and magnetic core in green).

as the sum of the sawtooth field and a centrifugal contribution:

E = Eup + E. where Egp = V& + %ew S oy g‘
i€

7 RQ%er . (6)

This results in the following equation for the total energy evolution:

w5 (@) (G v §

Furthermore, to avoid the creation of a large population of tungsten ions that have a
kinetic energy equal to zero, we arbitrarily limit the minimum value of the kinetic energy
to 1keV during the simulations, mimicking the effect of the collisions.

3.2. Dynamics of the maximum of emission

The Soft X-Ray (SXR) diagnostics at ASDEX Upgrade consist of several pinhole
cameras [16] gathering 208 lines of sight lying in a poloidal plane at a given toroidal
position. The diode currents are originally recorded at sample rates of 500 kHz or 2MHz,
allowing a time resolution of about 2us and a good coverage of fast MHD phenomenona.
The cameras further allow tomographic reconstruction of the plasma SXR emission [17].

The plasma of ASDEX Upgrade contains a significant amount of tungsten impurity
because it is the main material of most plasma facing components. The emission
of SXR can thus be in first approximation related to the line-radiation emission of
tungsten and considered proportional to the density of tungsten in the plasma [18].
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The approximate description of the tungsten distribution is used in EBdyna to give a
qualitative interpretation of the Soft X-Ray measurements obtained during the sawteeth
considered in terms of radial displacement of the core £. An illustration is given in figures
3 and 4 (for sawteeth D and B) where it is seen that the complete reconnection model
can account for the measured emission. The oscillations of the signal in radial position
are qualitatively explained by the phase with the mode rotation and the effect of the
centrifugal force on the impurity ions.
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Figure 4. Left: radial displacement of the core ¢ as obtained from the SXR
measurements (dash-dotted red line) for AUG#30382 at 2.5s (sawtooth B). Also
plotted is the simulation of tungsten (radial position of maximum of density in black
and magnetic core in green dashed). The crash duration in the simulation was extended
to 150us to account for the precursor phase (initial measured value of £ of about 4cm
reached after roughly 30us in the simulation). Right: evolution of the main parameters
(sawtooth B) involved in equation (8) as a function of the displaced position of the
core £. In the top plot, the difference between AFEy,,, and joule heating is the energy
density converted into the outflow kinetic energy in the layer (va.). This in turns
yield a given value of 5 and the calculation gives a crash time of 117us. In the middle
plot, we can notice that the value of the layer width d becomes smaller than the ion
Larmor radius pr; only when £ esceeds a few centimeters, which can be understood
as indicating a change in the kink regime for a small threshold value of displacement.
This could subsequently explain the reconnection phase when the kink exceeds a small
threshold precursor displacement.

However, although it accounts qualitatively for the measured SXR emission, there
is an open discussion as to the validity of a complete reconnection modelling where the
core is moving from & = 0 to & = 7. Experimentally, in ASDEX Upgrade, there
is evidence of precursor activity from SXR measurements that show an exponentially
slowly growing trend for the radial displacement of the core up to a small value (~ 0.08a).
This phenomenon can be related to the m = 1 mode. Thus the core is initially displaced
of a few centimeters before the reconnection begins. This initial displacement can be
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compensated in the modelling by allowing a bit more time for the reconnection phase
in the simulation than what is actually measured (see for example figure 4).

Furthermore, plasma parameters such as the diamagnetic frequencies at the
reconnection site [19] suggest that the reconnection might be incomplete (see section
3.4). However, there is no way to discriminate the completeness of the reconnection by
solely using the SXR signals. An incomplete reconnection pattern can be mimicked by
the modelling by interrupting the simulation before £ has reached ;.

To summarize this subsection, the measured SXR redistribution patterns of the
impurity ions are close to those obtained with a Kadomtsev-like complete-reconnection
description as implemented in EBdyna and applied to impurity ions (see for example
figures 3 (right) and 4 (left)) The real phenomenon is certainly actually very complex:
a precursor is certainly visible in all crashes and uncertainty remains as to the degree
of completeness of the reconnection. Additional modelling related to stochastization of
the field lines [20] could also be investigated. We can only assess that our representation
accounts for the redistribution of the ions.

3.3. Complete reconnection estimate of the crash duration T,

Simulations do not account for the remaining perturbed signal as seen by Mirnov coils
(eg. figure 3, left where one can notice an n = 1 perturbation remaining for about
20ms after the crash). This feature possibly indicates an incomplete reconnection
or the presence of runaway electrons (localized current) or MHD modes after the
crash. However, in first approximation, the complete reconnection model can be further
analyzed in terms of the dissipation of magnetic energy during the reconnection: in
particular we do so to get a numerical estimate of the sawtooth crash duration according
to the background plasma parameters. A simple geometrical analysis yields, according
to mass conservation:

EA = 204,68 (8)

where vy, is the outflow velocity, d is the radial layer width and A is the approximate
length of the reconnection region in the poloidal plane. At one instant in time, the
plasma volume 0V enters the layer with the helicity B,; from the core and the volume
0V, with B,s enters from the outer region. The plasma of mass density m;n; then leaves
the layer with the helicity B,3. The approximate values of the fields are those obtained
in the pre- and post-sawtooth configurations by using the the circular approximation
B, = Bya(1 —¢q) (and using the Kadomtsev post-sawtooth values of ¢ to estimate B,s).
The energy entering the reconnection region per unit time is mostly magnetic. The
difference of magnetic pressure AP, ,, between the inflow and the outflow has to be
reflected by an increase of the kinetic energy of the plasma or be dissipated through
Joule heating inside the layer through the term AE&,. The overall energy density balance
in the layer is thus approximately:

AE 1 (B% + B? AE, 1
AF)aer:Af)ma_ T~ — M_B2 - == z'i2
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Figure 5. Experimental case of the ASDEX Upgrade discharge #31557 (crash at
2.25s), sawtooth E. Left figure: evolution of the main parameters involved in equation
(8) as a function of the displaced position of the core £. Right figure: Compared
evolution of the average radial position of the core (£). One curve is from experimental
measurements (soft Xray in red, full line) and one from the modeling as implemented
in EBdyna (dashed blue line). The calculation gives a crash time of 180us. The mode
might be in drift-tearing regime at this time.

where dV5 corresponds to the global volume of plasma transiting through the layer during
the time interval d¢t and we have considered 6V, ~ 0V, ~ §V3/2 ; the losses through
Joule heating are expressed as: A&, = nujfvlayer with [jj| =~ (|B. — Bus|)/(21100) and
Viayer = 2T Rydd,. It is possible to use an extended Ohm’s law to estimate the width of
the layer d. Following the interpretation given in [21], we consider:

Uthe) 1/2 1/2 2T€ (10)

The With  vge =
me

1

5~ d, (T—A*+<1—QO> I
and we retain for the transit time of the ions in the layer the expression 74, = A/va,. A
simple numerical solver is designed trying different dynamics for 7., in order to minimize
the difference between the LHS and the RHS in (8), using the values given by (9)
and (10). We are using as an initial guess the dynamics for ¢ introduced in [4] when
a linear evolution of the shaping parameter o with time is considered. The solver
converges to similar values (‘7. reco’ values given in table 1) of 7. as that observed
experimentally (7. exp), provided Joule dissipation or plasma toroidal rotation do not
become dominant. An illustration is given in figures 4 and 5. However, the relatively
large resistivity in the considered ASDEX Upgrade experiments makes the overall model
subjective. We again recall that the model we have given in this section only gives us a
qualitative reference (allowing for extrapolation to larger experimental devices).
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3.4. Partial reconnection

Experimentally, some measurements indicate that the reconnection is often incomplete
[22] in ASDEX Upgrade typical discharges. A possible explanation for this phenomenon
was sought in [23] and can be interpreted in a tokamak plasma in terms of competition
of diamagnetic and Alfvén dynamics [19]. It suggests that the reconnection is halted
when the following criterion is satisfied:

Viex = |V*i - V*e| > VAx (11)

where vy, is the outflow velocity from the reconnection point as described previously
(equation (9)) and v,, = —(V P, x B)/(Z,en,B?) are the radial diamagnetic velocities
measured at the exit of the reconnection site for species o = i,e. Quantitatively, we
can in first instance combine the ion and electron contributions and use our model to
evaluate the gradient of electron pressure VP, = (P.(core) — Pe(istand))/(A/2). The most
likely candidates for partial reconnection are then cases C and E, that correspond to large
sawteeth with low values of |¢ — 1] in the core region, yielding a low amount of magnetic
energy dissipation. In particular, calculations of (11) in the case E hint to a slightly
incompletely reconnected magnetic core. Numerically, the amount of redistribution of
ions can be evaluated by simply interrupting the simulation before the core has reached
the mixing radius position. We remind here that the measurement of the safety factor
inside the experimental device is not always obtained with a good precision, and that
this contributes to our lack of knowledge of the behaviour of plasma in the post crash
phase (see for example figure 10).

4. Redistribution of Neutral Beam ions compared with the measurements

4.1. Collective Thomson Scattering (CTS) measurements

CTS offers the capability to measure the fast ion distribution locally. As it propagates
through the plasma, the radiation from a high power probe beam ‘scatters off’ plasma
fluctuations. The received signal bears a signature of the ion velocity distribution (due to
Doppler shift of the signal) provided that the scattering is dominated by collective effects.
If we denote Ap the Debye length, this requires that |[Apks| < 1. Here the resolved
fluctuation wave vector is defined as ks = kg — k;, where ¢ and s refer to the incident
and scattered wave vectors, respectively. A frequency shift in scattered radiation vs can
be approximately related to an ion velocity Vien by Vs = Vs — 1; = Vion - Ks/27.

In ASDEX Upgrade the incident diagnostic probe beam is created by a gyrotron
with an output frequency of 105 GHz and typical output power of 500 kW [24]. A
forward model of the emission based on available measurements of the bulk plasma
parameters and the fast-ion distribution function from TRANSP or EBdyna_go can be
obtained. The overall reconstructed emission (adding reconstructed NBI and thermal
emission) closely match the measured ones (figure 6: dashed lines matching the error
bars). Further interpretation of the spectra in terms of distribution of velocities can be
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Figure 6. Illustration of the CTS spectrum obtained from the measurements (error
bars). The red plots correspond to the ion measurements and simulations before the
crash, the blue ones to the post-sawtooth configuration. The green line correspond
to TRANSP data. The full lines correspond to the reconstructed emission from
the simulated NBI, the dashed lines ot the total emission (including background
contribution). The total intensity (dashed lines) as obtained from EBdyna simulations
can be compared with a reconstructed emission based on the NBI simulation and
measured thermal-ion plasma properties for the case of the crash AUG#30382 at 2.3s
(left) and AUG#30382 at 2.5s (right).

obtained by fitting the spectra with a scattering model within a Bayesian framework.
Ultimately, the CTS measurements could complement the FIDA ones [25].

4.2. Fast lons Deuterium-Alpha (FIDA) spectroscopic measurements

The FIDA diagnostic technique is Charge-eXchange Recombination Spectroscopy
(CXRS) applied to fast D-ions: it uses the Balmer alpha emission line [7] with a time
resolution of 2ms.

We can compare reconstructed signals from two different views with the measured
intensity as it is done in figure 7. Good agreement is found for AUG#30382 at 2.5s
where the remaining discrepancy can be explained by the absence of a source term (NBI
fueling) in EBdyna. The FIDA diagnostic can further be used as a tomographic system
([27],[28]) aimed at resolving the velocity space of fast Deuterium in the experiment
[29]. The tomographic inversion of the FIDA measurements allows us to calculate the
redistribution of fast particles resolved in velocity space. In particular, we evaluate
the relative change of density before (;,;) and after the crash (.,q). We thus measure
—(An)/Nini = —(Nend — Mini)/Mini as it is shown in figure 9. Since the NBI is
injected along the direction of the current, the tomographic inversion for negative pitch
(P < —0.2) has large uncertainties [30]. The measured part of the distribution for these
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Figure 7. Left: velocity space coverage of two of the FIDA lines of sight (left:
toroidal view; right: poloidal view) at two particular Doppler shifts ([26] and [27]).
Right: illustration for AUG#30382 at 2.5s (sawtooth B) of the reconstructed FIDA
signal normalized to the beam signal (BES). An arbitrary offset is used to account for
background emission. The error bars are the experimental signals, the full lines are
reconstructed emissions from the simulations. Top plot: toroidal view; bottom plot:
poloidal view.

values of pitch is not reliable, especially at high energies.

The TRANSP data was actually generated so that the distribution of particles was
in the laboratory frame of reference, so that the parallel velocities v) g, xsp include the
toroidal rotation in the distribution. Our simulations, however, consider the magnetic
perturbation in the plasma frame. To obtain a representation of the particles in the
frame of reference of the bulk of the plasma, we thus need to use in the simulation
a fictitious parallel velocity v, and modify the initial (") and final (“*¢) values of
velocities and energies of each particle. The simulations including toroidal rotation are
thus done with the following approximate corrections, considering in first approximation
that the toroidal rotation of a given particle ; = Q(1);,; affects mostly the parallel
velocity of the particles:

ini ini — RO,

Ylgs = Yllrranse

(12)
end __ _.end
Ultm = Vs + 18

end

”sim

Expressions (12) correspond to a correction on the complete NBI distribution. The

where v corresponds to the final value used to compare with the measurements.
kinetic energy also needs to be recalculated accordingly, by keeping the perpendicular
part constant.

The tomography reconstruction is studied in the case of AUG#31557 at 2.25s
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Figure 8. Left: Spectrogram from a Mirnov coil signal for the crash AUG#31557
at 2.25s (sawtooth E). A significant precursor activity is seen at about 12kHz before
the sawtooth (main vertical line). The mode might be in drift-tearing regime at this
time. Right: toroidal view of FIDA for the same sawtooth. The error bars are the
experimental signals, the full lines are reconstructed emissions from the simulations.
The signal is here represented in absolute magnitude.
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Figure 9. Relative change of density during the sawtooth according to pitch. The
considered poloidal positions were around pyor ~ 0.27. We compare the EBdyna
simulations with FIDA tomography for the crash AUG#31557 at 2.25s (sawtooth E).
The crash duration in the simulation was about 155us. Left: simulation compared with
the Minimum Fischer [30] tomography method. Right: simulation compared with the
first order Tikhonov tomography method. The latter yields a better agreement with
our modelling.
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with two different tomography reconstruction methods described in [30]. The Minimum
Fischer method retains a feature around P =~ 0 that is present also in the simulations.
It is however qualitatively a bit different for positive values of pitch. On the other hand,
a good agreement is obtained at postive values of pitch with the method of first order
Tikhonov. This is shown in figure 9, giving confidence both in the tomography values
and in the relevance of the simulation model. In particular the trend of the amount
of redistribution of the passing particles with energy and pitch is measured by the first
order Tikhonov method and recovered in the simulation.

5. Insights into the dynamics of the NBI fast ions during a sawtooth

3 10* (N —
N ---TRANSP _q":Z'sz
\\ —EBdyna q,=0.906 1.44 _qO’O'%g
\ —0y=0.
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Figure 10. Compared redistribution of the total NBI pressure Pyg; for different safety
factor profiles, representative of the experimental case AUG #32324 at 2.46s (sawtooth
C). Left: The TRANSP prediction is compared with different EBdyna simulations.
The case gy = 0.906 was treated with a crash duration of about 115us. The cases
qo = 0.927 and gy = 0.959 were treated with a crash duration of about 155us. The
case qo = 0.959 was treated at two separate time points: just after the end of the
reconnection (¢t = 178us) and at the end of the simulation (¢ = 320us). Right figure:
EBdyna simulations corresponding to the profiles from the left figure. Top figure:
safety factor profiles in the EBdyna simulations, before the sawtooth. Bottom: relative
change of pressure with different on-axis safety factor profile values gy. The first time
point is more representative of the FIDA measurements.

As was shown in [2], for an ion of mass m and charge Z;e:

i(RmV¢ — (Zie)y) = —(Zie) {5’_<I> + Uia_w]

1
dt dp ROy (13)

We may note that a consequence of this result is that, in an axi-symmetric configuration,
the quantity on the LHS of equation (13), p, = Rmv, — (Z;e)1 is conserved. p,, is the
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toroidal canonical angular momentum that we can use as an estimate of the average
flux surface position of a fast particle with given pitch and energy.

5.1. Global NBI pressure redistribution as a function of |q — 1| in the core region

In order to give an idea of the importance of the safety factor profile on the redistribution,
we have plotted in figure 10 the TRANSP prediction compared with EBdyna simulations
considering different radial safety factor profiles. When the on-axis safety factor
profile value gets closer to unity, the amount of magnetic energy available during the
reconnection is significantly reduced, and this yields a slower reconnection process.
However, the case with the flattest ¢ profile in the core region yields a peculiar behaviour
of the ions during the second phase of the collapse. The redistribution seems to be
enhanced during this phase by this specific configuration, unlike in the other case where
its impact is unimportant. Indeed, the pattern obtained at the end of the reconnection
phase (t = 178us) is closer to the measurements. This means that, when the complete
reorganization phase is included in the sawtooth description in EBdyna on time scales
similar to the reconnection phase, it actually yields a simulation result that is further
away from the measured amount of redistribution of fast ions when this phase is omitted.
Thus the existence, inside the experiment, of the reorganization phase after reconnection
in the case of safety factor close to unity is questionable. It could also be that the
reorganization occurs on much longer time scales (> 7.,) than what was prescribed in
the simulation.

5.2. Behaviour of trapped energetic ions

The trapped fast D particles represent in these experiments about 30% of the global
NBI population. An important result of the previous work of Kolesnichenko et al. [4]
is that, when equaling the crash time with the drift precession period, there is evidence
of an energy threshold above which more than half of the energetic trapped ions is not
redistributed by the sawtooth and is effectively detached from the reconnecting field
line motion of the sawtooth crash. It scales as

gcrit ~ ’I"lRo(Zie)Bo(JJCT with Wer N 1'57r/7—c7“ . (14)

We thus find the approximate scaling &..; ~ 4/7., in eV in the considered experiments.
This roughly corresponds to the range 30 —40keV for Deuterium ions in our simulations.
This is illustrated in figure 11 for the NBI trapped population that was initially in the
core.

Actually, the situation is made more complicated by the presence of a resonant [2]
pitch (specific value of A\g): a small fraction of the trapped population is not able to
circulate in the helicity of the crash (precession w,p ~ 0) and thus remains attached
to it up to higher energies. This feature partly explains the lesser effect of the crash
dynamics in figure 11 compared with what would be expected from expression (14): for
example, if we look at a redistribution of trapped particles of 0.3 of the thermal value,
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one get the values of & as 26keV, 38keV and 55keV instead of the expected 19keV,
38keV and 76keV from (14).

Lt - -#30382@2.35 (Ter = Goﬂs> — 17 = 60ps (no rotation)
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Figure 11. Relative redistribution (change of flux surface normalized to the 10keV
value) of trapped fast NBI particles. Left: sawtooth A and B, several dynamics yielding
various values of £+ (Ap, refers to the change of p,, and thus of radial position,
during the sawtooth). Right: sawtooth D, three dynamics. The redistribution for the
crash times 7. ~ 60us and 7.. ~ 160us were calculated without and with toroidal
rotation effect. No significant impact on the redistribution of the trapped population
is observed.

5.3. Behaviour of passing energetic ions

The co-current circulating fast D particles represent about 58% of the global NBI
population. The circulating particles have their behaviour mostly guided by the value
of their pitch P or correspondingly their trapping parameter A\g. As was studied in [2],
there is qualitatively an impact of the orbit width d,. of the particles on their interaction
with the perturbation. In particular, increasing kinetic energy will increase 9, and this
will enhance the radial E x B drift felt by the ions.

Barely circulating ions have different trends of increased or decreased redistribution
as a function of kinetic energy. It is due to the increase of the ratio between drift
precession w,p and longitudinal precession w, allowing partial detachment [2]. Values
of wyp/wy greater than one (as observed for barely passing ions) will change the trend
from increased redistribution to increased detachment : the passing ions then behave
like the trapped particles. This is shown in figure 12 and is qualitatively recovered for
extreme pitch values (P ~ 0.2 and P ~ 1) by the tomography (figure 9, right).

In particular, in figure 12, the comparison of two different safety factor profiles
(top plots, go = 0.86 (left) and gy = 0.65 (right)) yield different value of longitudinal
precession w,y, =~ <vH(q — 1)> /Ry. The average should be considered over one particle
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orbit. The lower g, the higher w, tends to be for the fast particles. This is seen to
have a significant impact on the amount of barely passing particles (P ~ 0.25) that are
redistributed. Comparing top left and bottom left plots in figure 12, we can see that the
effect of toroidal rotation is to decrease slightly the effective pitch of the particles in the
plasma frame. The ions thus tend to be less redistributed when rotation is considered,
even at higher pitch.
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Figure 12. Illustration of the influence of pitch and energy of co-current passing
particles (in the core region ¢ < 0.97). The crash duration considered was 7, ~ 120us.
Top left: the crash AUG#30815 at 2.97s (case D ¢o ~ 0.86) without rotation. Top
right: the crash AUG#30382 at 2.3s (case A ¢o ~ 0.65) without rotation. Bottom
left: the crash AUG#30815 at 2.97s (case D) with rotation. Bottom right: the crash
AUG#31557 at 2.25s (case E gg ~ 0.962) with rotation.
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6. Conclusions

We have implemented a numerical model of the ASDEX Upgrade tokamak in EBdyna_go
in order to simulate the effect of a sawtooth collapse on a population of tungsten
impurities and one of high energy ions from NBI. We have successfully reconstructed
various sawtooth crashes according to ASDEX Upgrade experiments. The code assumes
complete reconnection. Uncertainty remains on the actual degree of reconnection of the
core after the crash; |¢ — 1| is also a free parameter, not well determined from the
experiment: these two unknowns cannot be eliminated simultaneously by matching the
experimental data and hence there should be further studies to investigate various post-
crash configurations, both with simulation and measurements.

An additional simple tool was developed to estimate the crash duration according
to the reconnected magnetic energy. The comparison of the evolution of the maximum
of emission according to SXR tomography and maximum of density of tungsten impurity
simulations show good agreement. NBI fast particle simulations yield good qualitative
agreement between simulations and FIDA or CTS measurements. The matching is
improved when toroidal rotation is introduced: the trend of redistribution with the
pitch profiles and kinetic energy as obtained with the FIDA tomography is recovered.
Future work will address the refinement of the modelling and its use to investigate
the fast ion losses and the impact of pre-sawtooth and post-sawtooth MHD activity in
various background plasma conditions.
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