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Abstract

CrossMark

Pellet injection into magnetic confinement plasma is widely employed for plasma fuelling and
impurity transport studies. While post-injection effects include changes in density and
temperature, several short-lived effects have been identified during and immediately after
pellet ablation, e.g. pre-cooling of the plasma core or a strong reduction in fluctuations. Here,
transitory effects observed in magnetic signals during and immediately after the injection of
fuel and tracer encapsulated solid pellets into microwave and neutral beam heated plasma in
the stellarator TJ-1I are reported. One effect is the excitation of a clear, short-lived, magnetic
instability during the ablation phase of a cryogenic pellet. Another effect is a brief reduction in
broadband magnetic fluctuations immediately after an injection while a third effect is
frequency jumps of already excited Alfvén eigenmodes (AE) when neutral beam heating is
employed. The interpretation of these effects is facilitated by signals from 2 recently installed
toroidal arrays of magnetic coils that follow the helicity of this device along one of its
quadrants. It is concluded that interactions between outward drifting pellet particles and a
low-order rational surface lead to the magnetic instability, that pellet-induced plasma cooling
induces a transitory reduction in broadband magnetic fluctuations and that plasma mass

density changes dominate jumps in AE frequencies.

Keywords: stellarator, fuel pellet, magnetics, rational surfaces, fluctuations

(Some figures may appear in colour only in the online journal)

1. Introduction

Pellet injection is widely used in magnetic confinement plasma
devices for core fuelling, for studying impurity transport, as
well as for other objectives [1-3]. While much of the physics
of pellet ablation and of the subsequent pellet particle depo-
sition, transport processes and plasma evolution is under-
stood, significant research is still needed to achieve a complete

* Author to whom any correspondence should be addressed.

1741-4326/21/076014+16$33.00

comprehension. The injection of a pellet into hot plasma gener-
ates a brief emission of electromagnetic radiation (e.g. Balmer
Ha light) and results in transitory changes to plasma param-
eters such as electron and ion densities and temperatures,
stored energy, etc [4]. It is also known to modify plasma tur-
bulence [5]. In addition, several transitory effects have been
observed as a pellet travels through the plasma. These effects
are observed in different devices and much of the underlying
physics has been understood. For instance, effects include a
cold wave preceding the pellet [6], cloud detachment from the

© EURATOM 2021  Printed in the UK
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pellet producing striations in ablation light profiles [7], fast-
electrons incident on a pellet causing increased ablation or
pellet rupture [4, 8, 9], and acceleration of a pellet by fast-ion
impacts or by cloud pressure asymmetry [10, 11]. Nonethe-
less, a full understanding of other transitory effects that have
been observed remaining outstanding. For instance, short-lived
activity in magnetic pick-up coil signals has been reported to
accompany pellet ablation in several devices [12—18]. How-
ever, to the authors’ knowledge, such short-lived activity still
needs to be investigated in depth. In contrast, in cases in
which energetic-particle driven Alfvén eigenmodes (AEs) are
detected using such coils, significant drops are observed in
AE frequencies when a pellet is injected, this being pri-
marily associated with the increase in plasma mass density
[19, 20]. Additionally, post-injection reductions in mag-
netic fluctuations have been considered in other devices. For
instance, it was reported that signals from Mirnov coils were
hardly affected by pellets injected into TFR discharges [21]
whereas it was reported that pellet injections into the reversed-
field pinch device MST generally resulted in a modest reduc-
tion in magnetic fluctuations [22]. In this paper, the authors
report on magnetic activity during and immediately after pel-
let injection into the stellarator TJ-II and attempt to identify
the origins of such activity. For this, two different types of
pellets, solid hydrogen and tracer-loaded polystyrene ones,
are injected into the same TJ-II sector [23] and into both
microwave and neutral-beam heated plasmas.

As noted above, bursts of magnetic activity during, or
immediately after, pellet ablation have been reported for a
number of magnetic confinement devices. For instance, in the
Heliotron E device, a burst in poloidal magnetic activity, hav-
ing a delay of 50 to 100 us with respect to pellet plasma
penetration, was observed with Mirnov coils during the abla-
tion phase [12, 13]. The activity lasted for several 100 s and
was damped as a new density profile was established. A fast
Fourier transform (FFT) analysis identified several coherent
peaks while a cross-coherence analysis found that parts of
these magnetic fluctuations consisted of coherent waves with
low toroidal mode numbers corresponding to rational surfaces.
Since n/m values were always less than the edge /27, it was
considered that such coherent modes were associated with cor-
responding rational surfaces and that the transient behaviour
was related to a rapid equilibrium process on the rational sur-
face. Further investigation suggested that these fluctuations
could be attributed to a resonant interaction between an inci-
dent heat flux on a partially ionized pellet cloud and a rational
surface. In a different work involving the injection of sub-
millimetre lithium pellets into neutral beam heated plasmas of
the tokamak DIII-D, strong fluctuations in the magnetic signal
were detected during granule ablation inside the plasma edge
[14]. However, to the authors’ knowledge these fluctuations
were not investigated further. In work on the tokamak JIPP
T-ITU, it was reported that, for on-axis and upward off-axis
pellet injections during ohmic heating phases, both the abla-
tion cloud and the magnetic fluctuations propagated poloidally
in the electron diamagnetic direction [15]. Also, in the FTU
device, strong high-frequency magnetic fluctuations (up to

500 kHz) were seen to develop during pellet ablation for high-
field side injections [16]. Preliminary results indicated that the
observed fluctuations were Alfvén waves generated by drifting
plasmoids. More recently, in the tokamak ASDEX Upgrade,
coherent pellet-driven oscillations with a toroidal mode num-
ber n = —6 were detected in the range 100 to 300 kHz [17]. It
was reported that the magnetic perturbation strength showed
monotonic increase with pellet penetration depth and expo-
nential decay after pellet burnout. An investigation determined
that such a pellet-driven magnetic perturbation could not act
as the trigger for type-I edge localized modes (ELMs) as the
structure of such pellet-driven modes was completely different
from pre-ELM observed modes. Next, in the stellarator W7-X,
in-vessel Mirnov coils have picked up short strong bursts of
magnetic fluctuations, which are spread over a broad range of
frequencies, during individual pellet injections along a long
series of pellet injections into electron cyclotron resonance
heated (ECRH) discharges [ 18]. Moreover, during such a pellet
injection phase, which lasts for about 1 s, it is reported that the
overall magnetic fluctuation amplitude reduces slightly. How-
ever, a more detailed analysis of these short and strong bursts
has not yet been made. Finally, frequency perturbations were
observed in magnetic spectrographs during pellet injections
into the JET device [19, 20]. In spectrographs showing well-
developed fast-ion excited toroidal Alfvén eigenmodes (TAEs)
prior to pellet injection, it became impossible to identify their
toroidal mode numbers for several milliseconds (3 to 8 ms)
after an injection. Moreover, significant jumps in TAE fre-
quencies were observed during a longer post-injection period
when such numbers could be determined again, these changes
being associated with changes in plasma ion density. Similar
perturbations were seen for elliptical AEs. Now, returning to
the short periods when toroidal modes numbers were indeter-
minable, it was noted that these times corresponded to pellet
times-of-flight and thus it was considered that the observed
broadband magnetic perturbations might be associated with
magnetic recombination that occurs during pellet ablation and
cloud ionization [24].

In this work, we report on magnetic activity during and
immediately after the ablation of pellets injected into ECRH
and neutral beam injection (NBI) heated plasmas in the stel-
larator TJ-II. In many instances, a short burst of strengthened
magnetic activity is observed during, and for a short period
after, the pellet ablation phase whilst in other instances no such
activity is detected. Moreover, broadband magnetic fluctuation
levels reduce for a short time period after a pellet injection,
this reduction being larger for ECRH plasmas. In addition, fre-
quency jumps in AEs are seen in NBI-heated plasmas in which
such modes exist prior to injection. The work reported here
has been facilitated by the recent installation on TJ-II of two
arrays containing a total of 192 magnetic pick-up coils that
follow the helical rotation of this device along one of its quad-
rants. Finally, in order to highlight these observations, repre-
sentative examples are presented. Then, using magnetic array
signals and measurements from other plasma diagnostics, plus
pellet injection simulations, the sources of such activities are
investigated.
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2. Experimental arrangement

This work was performed on the stellarator TJ-II. It is a
Heliac-type stellarator with major radius, R, of 1.5 m that
was designed to explore a wide range of rotational transforms,
(0.9 < p2m < 2.2), in low, negative shear configurations
(A < 6%), where ig is the central iota value [25]. Here,
t2m = n/m, where n and m are the toroidal and poloidal heli-
cal winding numbers, respectively. In a current-free stellarator,
the currents in its external field coils impose the magnetic con-
figuration. In TJ-1I, these are the circular, helical, vertical and
toroidal field coils and the currents in the first three of these
coils are encoded in the configuration label ‘xxx_yy_zz’. At
low plasma pressures and internal currents, the magnetic con-
figuration and the rotational transform profile are essentially
specified by these external currents. This results in a bean-
shaped poloidal crosscut of its closed magnetic flux surfaces
and an on-axis magnetic field, By, that is <1.1 T, an aver-
age plasma minor radius, a, that is <0.22 m, and a volume,
Vplasma, contained within the last-closed magnetic surface that
is <1.1 m>. Plasmas are created using ECRH generated by two
gyrotrons operated at 53.2 GHz, i.e. the 2nd harmonic of its
electron cyclotron resonance frequency (Ppcryg < 500 kW).
With ECRH, plasmas can be maintained for <300 ms and cen-
tral electron densities, n.(0), and temperatures, 7.(0), up to 1.7
x 10" m~3 and 2 keV, respectively, can be achieved, albeit
not simultaneously while the central ion temperature, 75(0), is
<80 eV. Steerable in-vacuum mirrors allow power from each
gyrotron to be delivered independently to pre-programmed
radii [26]. Additional heating is provided using two tangential
NBI systems operated in a counter/co-counter configuration
[27]. With these, 1 MW can be injected for up to 120 ms and
71¢(0), To(0), and T;(0) up to 5 x 10" m—3,400 eV, and 120 eV,
respectively, are achieved.

2.1. Pellet injection set-up

A four-pellet pipe-gun type pellet injector system is operated
on TJ-II [28]. It is fitted with a cryogenic refrigerator system
for in situ pellet formation (hydrogen is used), fast propellant
valves for pellet acceleration, in-line diagnostics to determine
pellet velocity (light emitting/sensitive diode) and mass (in-
line microwave resonance cavity), plus straight delivery lines
(resulting in little or no mass loss due to friction) that deliver
pellets to the plasma outer edge. See figure 1. Although 4 pellet
sizes are available, only 0.66 mm and 0.76 mm diameter pellets
are considered here. Four injection lines, termed line-1 through
to line-4, are available. These are separated vertically and hor-
izontally by 54 mm [29]. In this work, in which only /ine-1 and
line-4 are employed, pellet flight paths pass close to the plasma
axis, i.e. at p = 0.05, where p = r/a is the normalized plasma
radius. In addition, an injector for tracer encapsulated solid
pellets (TESPEL) is sometimes piggybacked to the upstream
end of line-4 (the pellet formation barrel is replaced by a tube
with 1 mm inner diameter) [30]. With this set-up, these solid
polystyrene pellets, drilled out and filled with a tracer impu-
rity of interest, are injected at velocities between ~200 and
~400m s~ !,

Direct optical access to the pellet/plasma interaction vol-
ume is possible via viewports located above (TOP) and behind
(SIDE) the pellet flight path through the plasma [31]. See
figure 1. Balmer Ha light signal (at 656.3 nm) emitted by
the neutral cloud that surrounds an ablating pellet is col-
lected using fibre-optic cables fitted with narrowband inter-
ference filters (centred at 660 +/— 2 nm with full-width at
half-maximum of 10 nm) that are positioned outside these
ports. In this case, the light is transferred to switchable gain
amplified silicon diodes with bandwidth set to between 45 and
150 kHz. Next, the collection solid angle, viewport, fibre and
filter transmission losses, detector efficiency, and amplifier
gain are used when estimating a radial Balmer Ha emission
profile (photons per second emitted by the neutral cloud).
Finally, pellet penetration depth into plasma as a function of
time can be determined from pellet velocity and knowing the
microwave resonance cavity to plasma edge distance. For this
it is assumed that pellets are neither accelerated nor deceler-
ated while travelling along a guide-tube or through the plasma.
The latter was confirmed using a fast-frame imaging camera
[31, 32].

2.2. Plasma diagnostics

TJ-II is equipped with a large number of passive and active
plasma diagnostics [33]. The diagnostics of interest here are a
Thomson scattering (TS) system that provides one set per dis-
charge of high spatial resolution electron density and temper-
ature profiles [34], a microwave interferometer, a 16-channel
electron cyclotron emission (ECE) system [35], Mirnov coils
[36], plus two recently installed helicoidal arrays of magnetic
pick-up coils. See figure 2. The microwave-based systems,
with 10 us temporal resolution, provide time traces of line-
averaged electron density and electron temperature, respec-
tively, along a discharge. In particular, the ECE system mea-
sures 2nd harmonic emission in X-mode polarization, from
49 to 64 GHz, and provides measurements at radial posi-
tions between p = 0.7 and 0. In the case of the single pulse
(<40 ns, 8J) TS system, its laser chord traverses the complete
plasma. However, due to viewing geometry and signal inten-
sity considerations, profiles are restricted to p < ~0.8. ECE
signals are calibrated with the TS temperature profile to obtain
temperature profiles along discharges.

Now, with regard to magnetic diagnostics, a Mirnov coil
consisting of a straight array is positioned above the plasma
column in sector C5, which is located at 113.5° toroidally from
the PI. Next, two new arrays of magnetic pick-up coils fol-
low the helical field coil as it winds around the central field
coil of this 4 period device [37]. Each array consists of 32 sets
of equally spaced (angle-wise) coils with each set containing
one poloidal, one radial and one toroidal coil with winding
areas of 0.0141 m?, that extend toroidally along one period, or
quadrant, of the TJ-II device. Signals are collected with 107 s
temporal resolution and digitized at 2048 bits with +/—1 V
range. These arrays are positioned close to the plasma column,
at ~0.3 m from the magnetic axis for the standard configura-
tion, and one is called superior, the other inferior. See figure 2.
In order to protect the coils, each array is installed inside
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guide tubes, in-line pellet diagnostics, and ablation light collection systems are indicated. The relative locations of /ines-1 through to —4,
when viewed from the rear end of the injector, are highlighted. The flight path through the plasma (magenta) for a pellet injected along line-4
is shown, as are closed magnetic flux surfaces for the configuration 100_44_64.
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sectors 1 to 8 of each quadrant are indicated. The toroidal magnetic field direction is anti-clockwise. (rhs) Cross-sectional cut through sector
D7. The locations of the toroidal magnetic arrays inferior and superior are shown.

corrugated stainless steel tubing (type 316 L) that is fixed to the
chamber hardcore. For these experiments, signals from nearly
all poloidal and radial coils plus a limited number of toroidal
coils are collected and digitized at 1 MHz.

interactions by a neutral cloud that develops about it. The ion-
ized part of this cloud (plasmoid) expands along the magnetic
field lines, while simultaneously detaching and drifting down
the magnetic field gradient [38]. In the initial stage of pellet

cloud expansion, energy transport is much faster that parti-

2.3. Pellet ablation and plasmoid drift

cle transport with the result that the plasmoid temperature

equalizes rapidly with the background plasma temperature

As a pellet enters plasma it’s surface is initially directly
ablated as background plasma particles (electrons and ions)
impact on it. It is subsequently shielded from further direct

as plasma heat flux impinges on it. In contrast, the plas-
moid particle density evolves more slowly, so an over-pressure
develops. This pressure gradient drives plasmoid expansion
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along the magnetic field line direction. Thereafter, changes
in the particle velocity distribution produced by this expan-
sion increases plasmoid acceleration whereas Alfvén wave
emissions from both ends of this expanding plasmoid, which
results in plasmoid charge loss via parallel currents, reduce
drift acceleration.

In a stellarator, the magnetic field gradient does not align
with the device major radius, rather its direction and magnitude
vary along the magnetic field lines. So, a VB-drift of charged
particles within the plasmoid induces an uncompensated VB
current within the plasmoid, jyp, this being proportional to
the pressure difference between the plasmoid and background
plasma [39]. This jyp current is cancelled by the development
of an effective polarization current, j,o1, given by (19 mi)/Bo?)
J0Ey/dt, where n is density, m; is ion mass, E is the electric field
that results from charge separation inside the plasmoid, and
the subscripts 0 and oo refer to cloud and background plasma,
respectively [39]. Now, solving for the short circuit condition,
JVB + jpo1 = 0, the time evolution of the resulting radial drift
for a non-axisymmetric device is obtained as

5Vd/6t =-2 (pO - poo)vooBoo/nOmlBoo, (1)

where p is pressure (in units of Pa), and V| B../B is the
inverse cross-field gradient scale-length [38]. This indicates
that drift acceleration should continue until py and p., bal-
ance. In contrast, for tokamaks, assuming that the toroidal
field is much stronger that the poloidal field then the term
VrBo~/B+ in equation (1) can be approximated by 1/R, where
Vg = d/OR. In the TJ-II, the cross-field gradient scale-length,
L = Boo/V | B, is close to 1 m~! across the plasma region
where pellets and TESPELs are injected [23], whereas in the
same region, R varies from ~1.3 m at the inner plasma edge to
~1.75 m at the outer edge. Hence it is considered that the VB
drifting in TJ-II will be larger that in an equivalent aspect ratio
tokamak.

Finally, some additional effects related to short-circuiting
of external and internal currents also reduce plasmoid accel-
eration, these being internal circuit closure (ICC) and exter-
nal circuit closure (ECC), respectively [40, 41]. Their effect
is to modify plasmoid drift and hence contribute to chang-
ing the deposited particle profile with respect to the ablation
profile. Indeed, ECC is predicted to dominate drift-damping
processes in tokamaks whereas ICC should dominate in stel-
larators [42]. Nonetheless, it is predicted that the strength of
the ECC damping effect is enhanced in the vicinity of ratio-
nal magnetic flux surfaces, in particular for tokamaks [43].
However, only a small enhanced damping effect is expected
for stellarators due to the relative reduction in the importance
of ECC damping with respect to ICC damping in such devices.

3. Transient magnetic activity

In order to summarize the magnetic activity observed dur-
ing and immediately after the ablation phase of pellet injec-
tions, representative injections and signals are presented in
subsections 3.1 to 3.3 for the standard TJ-II magnetic config-
uration, 100_44_64. In this configuration, Vpjsma = 1.1 m?,

a=0.192m, By =1 T and 1.551 < «/27 < 1.65 in vacuum.
Examples are presented for both ECRH and NBI-only heated
plasmas and for solid hydrogen pellet and TESPEL injections.

3.1. Hs pellet into ECRH plasma

In a first example, a cryogenic pellet with 7.3 x 10'® H atoms
is injected at 924.2 m s~! into ECRH target plasma hav-
ing a line-averaged electron density of 4.4 x 10'8 m~3. See
figure 3(a). Then, towards the end of the ablation phase (when
the pellet has penetrated inside p = 0.5), periodic variations in
light emission are apparent in the Balmer Ho emission profile
recorded by a silicon diode with 150 kHz bandwidth that is
located in the same machine sector. These features, called stri-
ations, are due to periodic detachments of the partially ionized
neutral cloud from the pellet [7]. See figure 3(b). Next, return-
ing to figure 3(a), plasma electron temperature and density
begin to decrease and increase, respectively, as ablation nears
completion. Looking again at this same figure, fluctuations in
the magnetic signal plotted here (poloidal coil H4P32 located
in sector D8 of TJ-II at toroidal angle ¢ = 360° of figure 2)
strengthen significantly towards the end of the ablation phase
and remain stronger than pre-injection levels for more than
100 ps. When this signal is analyzed using a FFT procedure
these fluctuations appear as increased activity in the frequency
range below ~100 kHz. See figure 3(c). Finally, a significant
reduction in broadband magnetic fluctuations occurs immedi-
ately after pellet ablation has terminated. In this case, the signal
RMS decreases from 0.0134 V to 0.003 V in the range 50 to
500 kHz. See figure 3(c). This reduction lasts for several mil-
liseconds before recovering again to pre-injection levels. The
possible relationship between the Ha oscillations and mag-
netic oscillations in figure 3(b) and the post-injection reduction
in broadband magnetic fluctuations in figure 3(c) are discussed
in section 4.

3.2. H» pellet into NBI-heated plasma

In a second example, a cryogenic pellet is injected into
NBI-heated plasma having line-averaged density and central
electron temperature of 1.9 x 10! m~3 and ~300 eV, respec-
tively. The pellet contains 2.2 x 10" H atoms, its velocity is
709.1 m s~ ! and it penetrates beyond the magnetic axis to reach
the inner plasma edge. See figures 4(a) and (b). Due to cool-
ing of the plasma by the pellet, the pellet ablation rate reduces
after it crosses the magnetic axis and striations, which are vis-
ible before this, fade into the Balmer Ha light signal. In this
case, a strong oscillation is observed in the H4P32 magnetic
pick-up coil signal before the pellet crosses the magnetic axis.
However, this oscillation decays once the pellet crosses to the
inner plasma region. Now, when the H4P32 signal is analyzed
using the FFT procedure increased magnetic activity is seen in
the frequency range below ~100 kHz, as found in the ECRH
case. Finally, a reduction in broadband magnetic fluctuations
is also observed for several milliseconds after pellet injection
into NBI-heated plasma. See figure 4(c). However, this reduc-
tion is significantly lower that measured for ECRH plasma.
In the NBI case, the signal RMS decreases from 0.01 V to
0.007 V immediately after the pellet injection in the range 50 to
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Figure 3. Injection of a hydrogen pellet with 7.3 x 10'® H atoms into ECRH discharge #49728 having target line-averaged electron

density = 4.4 x 10'® m~>. (a) Time evolution of 7, (brown), H4P32 magnetic coil signal (light blue), and ablation He light emission (red)
plus T at several radii. (b) Traces of Ha light emission (red) plus raw and smoothed output from the poloidal H4P32 magnetic coil (blue
and olive) as a function of time after pellet entry into plasma, normalized radius, and distance into plasma. (¢) H4P32 magnetic spectrograph
as a function of time along the discharge. The colour bar represents log;o(power). The pellet enters the plasma at 1134.798 ms.

500 kHz before increasing again to the pre-injection level 6 to
7 ms later.

3.3. TESPEL into ECRH plasma

As a third example, a tracer-loaded polystyrene (-CgHg-),
sphere (TESPEL) [3] is injected into ECRH heated plasma
having a line-averaged density of 4 x 10' m™. See
figure 5(a). The TESPEL is 300 ym in diameter, it is loaded

with several micrograms of aluminium tracer, and it achieves a
velocity of 365.2 m s~'. See figure 5(b). As for cryogenic pel-
lets, the TESPEL ablation rate is determined mainly by local
electron temperatures and densities along its flight path [23].
However, Balmer Ho light emission is reduced significantly
due to the lower density of H atoms in its neutral clouds. The
aluminium tracer, located in the core, is exposed to the plasma
once the polystyrene has been ablated. This occurs between
p = 0.2 and p = 0.3 (the narrow but intense light peak at the
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electron density = 1.9 x 10! m—3. (@) Time evolution of 7, (brown), H4P32 magnetic coil signal (light blue), and ablation Ho light emission
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H4P32 magnetic spectrograph as a function of time along the discharge. The colour bar represents log;o(power). The pellet enters the plasma

at 1218.403 ms.

end of the ablation phase confirms that tracer deposition is
well-localized radially). Although not apparent in this figure
(the higher detector gain used limits its bandwidth to 45 kHz),
plasmoid detachments occur for TESPELs at time intervals
similar to those for cryogenic pellets (every 10 to 20 us) [30].
However, neither an oscillation similar to that seen in figures 3
and 4 nor increased fluctuations at higher frequencies are seen
in any magnetic signal recorded by Mirnov or helical array

pick-up coils even though the pellet penetrates to the same
plasma minor radius as the hydrogen pellet in figure 3(a).
Nonetheless, as for the hydrogen pellet injected into the ECRH
plasma, broadband magnetic fluctuations also diminish signif-
icantly for several milliseconds after this TESPEL injection.
See figure 5(c). In this case, the signal RMS decreases from
0.032 V to 0.004 V in the range 50 to 500 kHz.
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3.4. Injection summary

It can be concluded from the observations presented here that a
strong oscillation is excited in TJ-II magnetic signals by cryo-
genic pellets only, that the development of such an oscillation
is independent of the heating method, that such oscillations

are not observed when a pellet is traversing the plasma inner
region, and that broadband magnetic fluctuations reduce sig-
nificantly for several milliseconds after the injection of either
pellet type with the largest reduction occurring for ECRH
plasma. These phenomena are discussed in section 4.
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Figure 6. HPI2 simulations showing plasmoid acceleration (arrow lengths are proportional to acceleration) and trajectories (magenta) for
pellet injection under different plasma heating conditions. Pellets are injected from right to left along a horizontal flight path (cian). Plots
show the poloidal cross-section of sector B2 with closed magnetic flux surfaces for the 100_44_64 configuration (for p = 0 to 1 with Ap =
0.1 interspacing). (Top lhs) Simulation for a pellet with 7.3 x 10'® H atoms injected into ECRH discharge #49728. (Top rhs) Amplification
of the outer plasma region. Middle: As top but for a pellet with 2.2 x 10'? atoms injected into NBI-heated discharge #49751. (Bottom) As top
but for a TESPEL injected into ECRH discharge #50404. In all cases, individual calculations begin at equally spaced steps (2 mm) along the
flight path. The pellet and its cloud are followed inwards from each step position until the cloud detaches. The detached plasmoid trajectory
(magenta) is determined before the process returns to the next step position. This is repeated until the pellet is fully ablated.
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4. Discussion

The transient magnetic activities described in subsections 3.1
to 3.3 are examined in more detail in subsections 4.1 to 4.3 and
possible explanations for each effect are discussed. In addition,
for completeness, an example discharge showing the impact
of a cryogenic pellet on well-developed NBI-driven AEs is
presented in subsection 4.4.

4.1. Strong oscillation

4.1.1. H, pellet info ECRH plasma. In section 3, the inter-
action of drifting plasmoids with a rational surface was
forwarded as a probable explanation for the strong magnetic
oscillation with frequency below ~100 kHz during cryo-
genic pellet injections into TJ-II plasmas. This hypothesis
can be alluded to here by comparing the strong oscillation in
figure 3(b) with the Balmer Ha signal of the same figure as
there appears, as first glance, to be some degree of coherence
between the oscillation in the magnetic signal and striations in
the Ha signals. For instance, the oscillation, which starts with
a drop in magnetic signal, begins shortly after the first stria-
tion (falloff in light intensity) is discernible in the Balmer Ha
signal and, thereafter, the time intervals between striations and
valleys is similar, i.e. from ~10 and ~17 us for the magnetic
signal compared to between ~9 us and ~16 us for Balmer Ho.
As mentioned in subsection 3.1, striations are due to detach-
ments of partially ionized neutral clouds from a pellet. Once
detached, plasmoids expand along the magnetic field lines,
while simultaneously drifting down the magnetic field gradi-
ent, until plasmoid and plasma pressures equalize. In order to
determine if drifting plasmoids can reach rational magnetic
surfaces within the time ranges noted above a stellarator ver-
sion of the pellet injection code HPI2 code is employed to
simulate pellet injections in TJ-1I [32, 43].

The HPI2 code simulates pellet ablation and homogeniza-
tion of the ablated material in a consistent way. It considers
target plasma density and temperature profiles as well as the

specific geometrical data of the device and the magnetic con-
figuration. Simulations made for the 100_44_64 configuration,
where the effective inverse curvature radii are negative for the
region between the plasma outer edge and the magnetic axis,
show that resultant trajectories of all plasmoids detaching in
this region will be outwards and downwards [32]. Indeed, the
directions and magnitudes were confirmed experimentally for
TJ-II by analyzing images of Balmer Ha emissions obtained
using a fast-frame imaging camera [32]. In figure 6, it is found
that, for the pellet parameters and the ECRH plasma condi-
tions of figure 3, plasmoids that detach from the pellet when
this is in the outermost plasma region (~0.9 < p < ~0.5)
reach the plasma edge with little or no interaction with ratio-
nal surfaces whereas plasmoids that detach when the pellet
is inside p < ~0.5 undergo abrupt drift deceleration in the
proximity of the 8/5 rational surface located near p = 0.75
(abrupt deceleration is characterized here by a truncated
upward drift in the magenta curves). See figure 7. In order to
interpret this, it should be noted that, in stellarators, the ICC
effect, referred to in subsection 2.3, is most effective close to
the plasma edge and dominates plasmoid drifts for the region
~0.9 < p < ~0.5. In contrast, ICC may be reduced for plas-
moids originating from p < ~0.5 thus allowing the second-
order enhanced ECC damping effect, in which external electric
potential reconnection lengths are significantly reduced in the
vicinity of such a flux surface, to cause abrupt braking of plas-
moid drifts [43]. Returning to the simulation in figure 6, it
is found that the time needed for the complete homogeniza-
tion of a plasmoid that detaches from the pellet at p = 0.2 is
~51 ps. During the first ~18 us of this period the plasmoid
drifts outto p = ~0.71, where it undergoes abrupt drift deceler-
ation, while during the remaining 33 ps homogenization con-
tinues with little or no additional radial drift. This simulated
drift time is in good agreement with the time interval between
the final falloff in Hev light intensity and the last valley in the
magnetic signal, i.e. ~17 + /—4 ps (this is considered the
experimental drift time).

4.1.2. H, pellet into NBI-heated plasma. In the NBI-heated
plasma example in figure 4, the injected pellet penetrates
through almost the whole plasma column to reach the region
close to inner plasma edge. In this case, a strong magnetic
oscillation is detected shortly before the pellet reaches the
plasma centre and decays once the pellet has crossed the mag-
netic axis. In order to make an evaluation similar to that made
for the previous case, the HPI2 code is used to simulate the
pellet parameters and the NBI-heated plasma conditions of this
figure. In this case it is necessary to recall that effective inverse
curvature radii are positive in the region beyond the magnetic
axis, thus plasmoid detaching there will drift downwards and
towards the magnetic axis [32]. Returning to the simulation for
NBI, in figure 6 the majority of plasmoids which detach from
the pellet when this is in the outermost plasma region (~0.9
< p < ~0.5) reach the plasma edge whereas plasmoids which
detach in the region ~0.5 < p < ~0.2 undergo abrupt drift
deceleration in the proximity of the 8/5 rational surface. In con-
trast, predictions show no apparent enhanced plasmoid decel-
eration in the vicinity of the 11/7 rational surface at p = 0.5,
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Figure 8. SVD reconstructions using 10 eigenvalues of signals from the polodial and radial coils of the toroidal array. Here ¢ is TJ-II
toroidal angle, with 360° being closest to the pellet injector. (a) SVD reconstruction of signals from the inferior radial coils for a pellet with
6.4 x 10'® H atoms injected at 925.6 m s~ ! into ECRH discharge #50407 having target line-averaged electron density of 3.8 x 10'® m—3
that was confined using the 100_44_64 configuration. The pellet enters the plasma at 1134.793 ms and is fully ablated at 1134.933 ms. (b)
Eigenvalue versus eigenvalue index for the SVD of (a). (¢) SVD reconstruction of signals from the superior poloidal array for discharge

#50407. (d) SVD reconstruction of the superior poloidal array for a cryogenic pellet with 5.6 x 10'® H atoms injected at 929.9 m s~

Uinto

the ECRH discharge #50426 having target line-averaged electron density of 3.4 x 10'® m~3 that was confined using the 100_36_62
configuration. The pellet enters the plasma at 1134.745 ms and is fully ablated by 1134.89 ms.

albeit enhanced deceleration may be occurring close to the
14/9 rational surface at p = 0.2 for plasmoids that detach in
the inner plasma region between p = 0 and p = 0.15. Finally,
plasmoids that detach on the inner side of this p = 0.15 are
seen to be unaffected by rational surfaces. The simulations are
in good agreement with the experimental results presented in
subsection 3.2 in which it was observed that the strong oscilla-
tion in the H4P32 magnetic signal decayed once the pellet had
crossed the magnetic axis.

4.1.3. TESPEL into ECRH plasma. Finally, in order to under-
stand the absence of enhanced magnetic oscillations during
TESPEL ablation it should be recalled that drift accelerations
of detached CgHg plasmoids are reduced by a factor 1/mj,
i.e. where m; = (12 4+ 1)/2 = 6.5 [23]. Moreover, plasmoid
pressures are significantly lower than those of cryogenic pel-
lets since CgHg plasmoid electron densities are low (inner
electrons are tightly bound to carbon so ionization to C*°
requires several milliseconds [23]), hence CgHg plasmoids
reach equilibrium with the background plasma more quickly
than those originating from a H, pellet. Hence, outward drift
lengths should be much shorter than for cryogenic pellets,
hence CgHg plasmoids should cease drifting before reaching
a rational surface of interest. This argument for short TESPEL

1

drift lengths is confirmed by comparing post-injection TS den-
sity profiles for both pellet types injected into similar ECRH
plasmas, i.e. TESPEL profiles peak close to the plasma centre
whereas H, profiles are shifted towards the plasma edge [23].
Indeed, HPI2 simulations further support these arguments. In
figure 6, outward drift lengths for TESPEL plasmoids are
severely abbreviated when compared to those for hydrogen
and no appreciable deceleration is predicted in the proximity
of rational surfaces.

4.1.4. Plasmoid interaction with rational surfaces. Plasmoid
interaction with the 8/5 resonant surface at p = 0.75 is con-
sidered the prime candidate to explain the strong oscillations
found here in magnetic signals. In order to reinforce this affir-
mation, it is necessary to confirm experimentally that this
resonant surface is being excited. The magnetic signals pre-
sented in figure 3 through to 5 are from a single poloidal coil,
H4P32, which belongs to the superior array of newly installed
pick-up coils. Each of these arrays, with 32 coil sets, extends
along the full length of quadrant D (from ¢ = 270° to 360°)
and follows the winding of the helical field coil that wraps
around the central field coil. See figure 2. Thus, this set-up
permits, for instance, the toroidal number of excited modes to
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signal, as seen in (a) and (c).

be determined. In order to extract the dominant mode, the
singular value decomposition (SVD) method is used, per-
mitting a clear reconstruction of the spatiotemporal mode
structure from multi-coil data. This technique is applied to
signals from one of the magnetic pick-up coil types for a
250 ps long time window centred about the pellet injec-
tion time. The largest 10 eigenvalues are used to extract

the dominant oscillations from the fluctuation data [44, 45].
See figure 8. Here 10 eigenvalues constitute ~98% of the
‘fluctuation energy’, the rest is considered as noise [44]. In
figures 8(a) and (c), SVD plots are reconstructed using sig-
nals from 31 of the 32 radial coils of the inferior array and
from 31 poloidal coils of the superior array (the coils at 304.8°
do not function), respectively, for a cryogenic pellet injected
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into the 100_44_64 configuration. In these cases, the toroidal
separation between maxima is ¢ = ~40° and ~50° for the infe-
rior and superior arrays, respectively. Here, an average value
is taken in order to correct for any angular displacements as
the arrays extend along the toroidal sector. It should be noted
that the weak mode that appears at ~322° before injection in
figure 8(c) is amplified during the ablation phase. However,
it is not seen in figure 8(a) so its origin is unclear. Then tak-
ing the above limits for ¢, the toroidal » mode excited by the
pellet is between 7 and 9. Finally, from figure 7, it is consid-
ered that the 8/5 rational surface is the most likely candidate.
However, other rational surfaces such as the 11/7 cannot be
ruled out completely as some uncertainty exists. For compar-
ison, the plot in figure 8(d) is for a hydrogen pellet injected
into ECRH plasma created with the 100_36_62 magnetic con-
figuration. See also figure 9. For this configuration, Vjasma 1S
Im? ais0.184 m, Byis I T, and 1.47 < o227 < 1.57,s0 a
3/2 rational surface is located at p = 0.63 while a 14/9 ratio-
nal surface is located at p = 0.95. See figure 7. Returning to
figure 8(d), the toroidal angular separation between excited
modes is ~32.5°. This corresponds most closely to the rational
surface 11/7 that is just outside the last-closed flux surface of
this configuration. Given that a large fraction of pellet particles
are swept outwards and lost to the plasma this may be reason-
able. Finally, in other SVD plots for 100_36_62, not shown
here, only a single excited mode is observed at ~320°. In such
cases it may be the 3/2 rational surface only, at p = 0.63,
that is excited.

Finally, in order to understand how oscillations are induced
in magnetic signals by outward drifting plasmoids, it is consid-
ered that an abrupt steepening of the local radial pressure gra-
dient can arise when a cold high-density plasmoid is deposited
in close proximity to a rational surface. This in turn can give
rise to a magnetic instability that leads to a variation in the
local magnetic field. Such an instability will be short lived
and magnetic reconstruction will occur once homogenization
is completed and the pressure gradient reduces. A train of such
plasmoids being deposited at the same location will give rise
to a continuous variation of the local radial pressure gradient
and an oscillating magnetic signal. This will be maintained as
long as plasmoids continue to reach the same rational surface,
otherwise it will become damped.

An alternative explanation for the oscillations in magnetic
signals is that these are due to a rotating mode. Indeed, modes
are expected to rotate with plasma fluid if plasma temperature
is sufficiently high [46]. Thus, if an outward drifting plasmoid
induces an island located close to a rational surface to grow,
its rotation, which mirrors the plasma fluid rotation, should be
observable in magnetic coil signals. Thereafter, as the island
shrinks, its signal will decay. In figure 3(c), the frequency
range of the oscillation in the H4P32 signal is between ~55
and ~80 kHz. If this corresponds to an island close to the 8/5
rational surface at p = 0.75, then following the arguments in
reference [46] to estimate poloidal rotations of modes in TJ-II,
Vo ~2m pan f/m where f is mode frequency and m = 5, gives
Vg =9.7to 14.5km s~ '. For this, approximate circular geome-
try is assumed, which results in an uncertainty of ~20%. When
compared with experimental measurements made in TJ-II for

similar ECRH plasmas [47], these calculated V, values are
2.5 to 3.7 times higher than experimental values. This would
imply that a rotating mode is probably not the source of the
~55 to ~80 kHz oscillation in H4P32 that occurs during pellet
ablation. However, the short-lived mode that appears at lower
frequencies during pellet ablation in figure 3(c), i.e. between
f =13 and 22 kHz, could be associated with a rotating island
since the corresponding Vy, 2.4 to 4 km s~!, is in good agree-
ment with experimental poloidal rotation measurements [47].
Finally, the mode that appears soon after pellet injection with
f = 20 to 25 kHz in the same figure, i.e. between 1139
and 1145 ms, may also corresponds to a rotating mode since
Vg = 3.7to 4.6 km s~! also agree well with measurements in
TJ-II [47]. A mode, with a similar frequency, also appears after
pellet injection in figure 9(c).

4.2. Transitory post-injection reduction in fluctuations

It is seen in figures 3(c), 4(c), S(c) and 9(c) that a reduction
of broadband magnetic fluctuations occurs immediately after
a pellet injection and that this reduction is strongest for ECRH
plasmas. This weakening in magnetic fluctuations lasts for sev-
eral milliseconds before recovering again to pre-injection lev-
els. In the case of ECRH plasmas, the reduction in broadband
magnetic fluctuations appears to be related to the rapid drop in
T, rather than to the two-stage increase in line-averaged elec-
tron density, ~ii., i.e. an initial fast increment in 7i, followed
by a slow upward growth to maximum. This is most appar-
ent for the TESPEL injection into ECRH discharge #50404,
figure 5(a), where the drop in T is large (from 2 to 0.8 keV
at p = 0) and instantaneous (within ~300 pus) whilst after
an initial fast jump, Afi, = 3.7 x 10'® m3, 7, grows to a
maximum (with Afi. = 5.2 x 10'® m~3) after several mil-
liseconds as higher ionization states of carbon and the tracer
(Al) release their electrons to the plasma [21]. Similar time
traces are seen for 7, and 7i, for the cryogenic pellet in figure 3.
In ECRH plasmas, broadband magnetic fluctuations return to
pre-injection levels 4 to 5 ms later, i.e. before T, and 7i. have
returned to pre-injection values. In contrast, it is not possible to
repeat this evaluation for NBI-heated plasma as ECE signals
are in cut-off prior to pellet injection. Moreover, broadband
magnetic fluctuations are already significantly reduced prior to
pellet injection in figure 4 and the relative reduction in broad-
band fluctuations is much less than for the ECRH case. How-
ever, a full understanding of post-injection broadband mag-
netic fluctuation recovery remains outstanding at present for
both situations.

4.3. Alfvén emissions

As mentioned in subsection 2.3, Alfvén wave emission occurs
from the tips of plasmoids as these expand along magnetic
field lines [43]. Alfvén emission frequencies can be estimated
as fap = wap/2m™ where wag = Va/2gR with V = B/\/(,uo
> n; my) for SI units, p is permeability of the vacuum, #; is
ion density, m; is ion mass, and ¢ = 27/t = m/n [48]. Here,
B=1T,R=Ry=15m, g=0.61to 0.645 for the stan-
dard TJ-II configuration, and it is assumed that plasmoid ion
and electron densities are equal. Preliminary results, using a
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3 filter based spectroscopy system [49], indicate that the ini-
tial plasma-cloud electron density and temperature are close
to 102 m~3 and 1 eV, respectively, for a cryogenic pellet in
TJ-II. Subsequently, as plasmoids expand along magnetic field
lines and drift outwards, their density will reduce until pres-
sure equilibrium is achieved with background plasma. Thus,
for plasmoid ion densities from 10?* m~3 to lower densities,
Alfvén wave emission should occur above ~6 kHz and extend
to several hundreds of kHz. However, there are no apparent
frequency bands in figures 3(c), 4(c), 5(c) or 9(c) that could
be attributed to such Alfvén wave emissions. Alternatively,
the model for Alfvén wave emissions from expanding pel-
let clouds by Parks et al [50], based on work by Drell ef al
[51], could be considered. In this case, the Alfvén frequency
is determined for a moving source of dimension L along its
velocity with speed V, from wag ~ V/L. In this case, using
representative values for TJ-II, i.e. plasma sonic speed in the
plasma, Vi = 3 x 10° m s~', and pellet cloud length of a
few meters, then f g would be ~8 to ~15 kHz in the TJ-II
sectors where the coils are positioned. Indeed, increased activ-
ity occurs during the pellet injection phases close to 15 kHz
in the magnetic spectrographs of the H4P32 pick-up coil sig-
nals presented in figures 3(c) and 9(c). Given the winding
area of H4P32, 0.014 m?, and its proximity to the plasma
column, the coil should be sensitive to 6B/B > ~107° at
~10 kHz. Whilst it is considered tentatively that these coils
could detect Alfvén emissions at ~10 kHz, the short time
needed for complete plasmoid homogenization, i.e. <~50 pus,
might limit detection to plasmoids which detach near the
end of a pellet lifetime. Hence, the source of the activity
around 15 kHz during pellet injection in figures 3(c) and 9(c)
remains uncertain at present.

4.4. Pellet impact on NBI-driven Alfvén eigenmodes

Finally, to complete this work it is convenient to outline how
pellet injections impact on AEs that are driven by NBI heating
in the TJ-II. In previous works, various high frequency modes
(f = 150 to 300 kHz) were identified in this device for dif-
ferent magnetic configurations [36, 52, 53]. Given the mode
frequency dependence on plasma mass density, which was out-
lined before, it was determined that a majority of observed
modes could be attributed to global- or helicity-induced AEs
[52]. However, in the same paper certain modes, in the range
~50 to 250 kHz, were found to diverge from such a 1/\/n ten-
dency. These modes exhibited a marked dependency with net
plasma current, I, and appeared to be unaffected by the evolu-
tion of the line-averaged density. In TJ-II, plasmas are typically
created using ECRH. Thereafter co- or counter-injected NBI
beams can be used for additional heating and fuelling and plas-
mas with line-averaged electron densities in the range of 1 to
5 x 10" m~3 are achieved. As noted before, the through-port
NBI power is about 0.5 MW per beam and acceleration volt-
ages are <32keV. As aresult, 7.(0)’s and T;(0)’s are <400 eV
and ~120 eV, respectively.

As noted, AEs should be readily detectable, even at low
amplitudes, in magnetic spectrographs from TJ-II. Also, as
indicated in subsection 4.2, Alfvén wave frequencies can be
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Figure 10. Magnetic spectrograph of a Mirnov coil signal (MIR5C)
for discharge #44777 that was created with ECRH (1060 to

1140 ms), maintained with NBI#1 (1120 to 1220 ms), and confined
using the 100_44_64 configuration. A hydrogen pellet with 5.3 x
10'® H atoms was injected at 1067 m s~ ! into plasma having target
line-averaged density = 1.23 x 10'® m~3. The pellet enters the
plasma at 1165.73 ms. Line-averaged electron density (white) and
plasma current (magenta) are superimposed on the spectrograph.

estimated from fap = wap/27™ where wag = Bo/2gR \/(MO i
n; m;j). Thus, when a pellet is injected into plasma exhibiting
AEs, the resultant increase in plasma density should result in
a reduction in fag which can be described by farpost/ faEpre
x 1/\/(npost/npre). Here subscripts pre and post refer to pre-
and post-injection conditions. In figure 10, a cryogenic pel-
let is injected into plasma heated by NBI#1 only (co-counter
injector in figure 2). The observed drops in frequency for one
well-developed (222.1 kHz) mode and another less-developed
(132.5 kHz) one coincide with the rapid rise in plasma den-
sity. Since only line-averaged electron density is measured in
TJ-IT it is assumed that electron and ion densities are similar,
i.e. the working gas is hydrogen and Z.¢ is low due to lithium
wall conditioning [54]. It is found for fagpest = 222.3 kHz,

that fAEpost/fAEpre = 0902, and for fAEpost = 132.5 kHZ,
that fagpost/fagpre = 0.903. In comparison, I/X/(npost/npre) =
1/,/(1.48 x 10'9/1.253 x 10") = 0.92. These results indi-
cate that these jumps in AEs frequencies are dominated by
plasma mass density changes. It is not the intention here to
delve into NBI driven AEs in TJ-II, or into other aspects
such as gaps, since these topics have been treated by other
authors [35, 50, 51]. However, following figure 6(a) in ref-
erence. [35], the well-developed mode, which appears when
fie. = 6.5 x 10'"® m=3, and the less developed-mode, which
appears when i, = 1.2 x 10" m™3, are tentatively identi-
fied as being modes with m = 8 and m = 7, respectively.
From figure 7, these may be associated with the 13/8 and
11/7 rational surfaces.

5. Conclusions

Strengthened broadband magnetic activity is detected in mag-
netic coil signals during cryogenic hydrogen pellet ablation
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and homogenization phases in ECRH and NBI-heated plasma
in the stellarator TJ-II. This consists of a strong oscillation
between ~50 and 80 kHz which is due to interactions between
outward drifting plasmoids that detach in the plasma core and
a low-order rational surface near the plasma edge. Simula-
tions obtained using a stellarator version of the HPI2 code
support these arguments while analysis of signals from two
newly installed toroidal arrays of magnetic pick-up coils have
confirmed the identification of the low-order rational surface.
In contrast, similar activity is not observed for TESPEL injec-
tions due to the significantly reduced outward drift and toroidal
expansion lengths associated with TESPEL plasmoids. It is
considered here that employing magnetic signals to iden-
tify low-order rational surfaces that give rise to abrupt plas-
moid braking could be an important tool for understanding
fuelling efficiency in stellarators. Indeed, it had been con-
sidered that plasmoid braking by low-order rational surfaces
was a minor effect in stellarators but, as shown here, this
may not always be the case. In this paper measurements have
been limited to two TJ-II magnetic configurations having a
low-order rational surface near the plasma edge. In order to
achieve a better understanding of plasma conditions in which
such plasmoid deceleration occurs, additional magnetic con-
figurations, for instance, those in which the low-order rational
surface being excited occurs closer to the plasma centre or
those containing other low-order rational surfaces, should be
studied. Indeed, the flexibility of the TJ-II makes it an ideal
device for this.

The measurements presented here also reveal how broad-
band magnetic activity weakens significantly in TJ-II immedi-
ately after pellet ablation and homogenization. This reduction,
which is strongest in ECRH plasmas, appears to be corre-
lated with the abrupt drop in plasma electron temperature. In
a previous unpublished work on TJ-II, it was observed how
low-frequency density fluctuations and core electrostatic tur-
bulence (<100 kHz) also reduce strongly for a short period
after pellet injection. Again, electron temperature drop was
also considered as a possible trigger mechanism. It is planned
to investigate these effects in more detail in future TJ-II exper-
imental campaigns. Finally, downward jumps in the frequen-
cies of well-developed AEs in NBI-heated plasma are seen to
arise immediately after pellet homogenization is completed. In
the example presented here, the magnitude of the jump in fre-
quency is directly related to the change in the inverse square
root of the pre- and post-injection plasma mass densities.
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