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Magnetic dust collected from multiple fusion devices (FTU, Alcator C-Mod, COMPASS) that feature different
plasma-facing components (PFCs) and toroidal magnetic fields has been analyzed by means of the X-ray
diffraction technique aiming to investigate the nature and origin of dust magnetism. Analysis led to the
conclusion that the main mechanism of ferromagnetic dust formation is the change of iron crystalline
phase from austenitic to ferritic during the re-solidification of stainless steel droplets. Analysis also revealed
differences in the collected dust structure and an unexpectedly high amount of stainless steel based dust in

its native austenitic phase. Theoretical estimates showed that the magnetic moment force can also mobilize
strongly paramagnetic adhered dust prior to the establishment of proper tokamak discharges. The post-mortem
analysis of dust collected during pure magnetic discharges in FTU confirmed these estimates.

1. Introduction

Tokamak dust, as a safety and operational issue, has been studied
for more than two decades[1-4]. On the other hand, magnetic dust
in tokamaks constitutes a recent line of investigation. Even though
magnetic materials are not employed in tokamaks owing to the strong
magnetic fields, the presence of magnetic dust has been documented
in various fusion devices with different PFC composition [5-7]. In
particular, the first collection of magnetic tokamak dust was reported
in TEXTOR (~15wt% of dust collected) [5], followed by Globus-M
(~10wt%) [6] & FTU (~30wt%) [7]. The main peculiarity of magnetic
dust compared to non-magnetic dust lies in the former’s propensity to
mobilize, under the action of the strong applied magnetic fields, even
before the plasma discharges are established. In this manner, magnetic
dust traversing the vessel during the breakdown and the ramp-up
startup phases can interfere with the realization of proper plasma
discharges [8]. It is, thus, important to investigate the characteristics of
magnetic tokamak dust, understand the origin of magnetic properties
and elucidate the pre-plasma mobilization mechanism.
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A comparative study of the morphological and elemental char-
acteristics of magnetic dust collected from different tokamaks (Alca-
tor C-Mod, COMPASS, DIII-D, FTU) was recently performed by the
authors [9]. In this paper, the structural characteristics of the same
magnetic dust collected from the FTU, Alcator C-Mod and COMPASS
tokamaks are analyzed by means of the X-ray diffraction (XRD) tech-
nique. Note that the dust collected from DIII-D was too minuscule to
allow for XRD analysis. The XRD results are employed to draw conclu-
sions about the dominant form of magnetism as well as the nature of
the phase transition that generates ferromagnetic dust. In addition, the
magnetic force acting on adhered magnetic dust is evaluated. Finally, a
detailed analysis of dust collected during pure magnetic discharges in
FTU is presented.

As previously done in the literature [5-9], the term magnetic dust
is employed herein in order to describe the entire dust fraction that
can be collected by the use of a permanent magnet, regardless of
the magnetism form (ferromagnetism, paramagnetism) and the actual
magnetic permeability values of the individual dust particulates.
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Table 1

Vessel material composition at the time of the dust collection together with the
maximum strength of the toroidal magnetic field. TZM is a molybdenum dominated
alloy (Ti 0.5wt%, Zr 0.1wt%, Mo balance); SS stands for stainless steel; Inconel is a Ni
based super-alloy.

Tokamak Wall Machine Limiter or Maximum toroidal
device material configuration divertor material magnetic field
FTU SS304LN Limiter TZM 80T

Alcator C-Mod Mo Divertor Mo 80T

COMPASS Inconel 625 Divertor Graphite 21T

2. General characteristics

The magnetic dust batches under investigation have been collected
from devices that feature different plasma-facing materials and maxi-
mum toroidal magnetic field strengths, as shown in Table 1. It is worth
noting that the first wall composition in FTU (stainless steel - SS) and
COMPASS (Inconel) is such that generation of magnetic dust can be
directly seeded, while the same does not apply for the all-molybdenum
Alcator C-Mod. However, additional sources of magnetic dust are SS-
based diagnostics, antennas and structural materials that are present
in all tokamaks. In terms of shape, the collected magnetic dust can
be classified into flakes or debris, splashes and spheroids with the
latter further separated into two sub-classes depending on the presence
of a clear dendrite-like surface texture [9]. In terms of composition,
the collected magnetic dust is either close to nickel-based alloys or
austenitic SS (Fe, Cr, Ni) [9].

The magnetic dust batches considered in this work contain a suffi-
cient amount of particulates so that their structural analysis by means
of the XRD diagnostic is possible. The FTU batch has a 12.6 g weight,
features particulates with < 210pum size and was collected from the
floor in 2017. The COMPASS batch of 0.042g weight was collected
from the divertor at the Langmuir probe feed-through position in
2014/15. The Alcator C-Mod batch of 0.074 g weight mainly consists
of flakes or debris and was collected from the floor, the upper areas
of the lower outer divertor, the horizontal areas and beneath the “FG”
sector of the outer divertor in 2007. Examples of magnetic dust from
the 4 morphological classes are shown in Fig. 1.

3. X-ray Diffraction (XRD) analysis

Aiming to investigate the crystalline structure of the magnetic dust,
the dust batches collected from different devices have been analyzed
in a Bragg-Brentano geometry with a Panalytical X’Pert PRO X-ray
powder diffractometer that is equipped with a Cu-K radiation source
(1~ 1.54 }o\) and a X’Celerator solid state detector PW3015/20 nickel
filtered. The accelerating voltage and electric current at the Cu anode
were set to 40kV and 40mA, respectively. The diffraction data were
collected with a stepsize of 0.01° and a scan-step time ranging within
20.95-123.04s.

3.1. Analysis of the XRD spectra

FTU dust. The XRD spectra of the magnetic dust batch versus the
non-magnetic dust batch collected in FTU are illustrated in Fig. 2. The
non-magnetic dust batch spectrum contains peaks due to the presence
of iron in the face-centered cubic (fcc) crystalline structure, ie. the
non-magnetic allotropic form also known as austenitic form or Fe-y
phase, and peaks owing to the presence of some Ni alloys, Mo and
Al,0;. Additional quartz peaks at 22-28° have not been shown for
convenience. The Ni-based alloys stem from Inconel”™ 625 PFCs, while
Mo stems from the limiter tiles. On the other hand, the magnetic dust
batch spectrum contains some obvious peaks due to the presence of iron
in the body-centered cubic (bcc) crystalline structure, i.e. the magnetic
ferrite form, either in the Fe-a or Fe-§ phase. The Fe-y peaks are visible
at a relatively lower intensity, suggesting a higher proportion of the bcc
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Fig. 1. Examples of electron microscope images of SS-based magnetic dust, collected
from the three tokamaks investigated and classified on a morphological basis: (a)
splashes from FTU; (b) flakes from Alcator C-Mod; (c) spheroids with dendrite-like
surface texture from COMPASS; (d) spheroids without any evidence of dendrite-like
surface texture from COMPASS.
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Fig. 2. XRD spectra of the magnetic (red line) and non-magnetic (blue line) dust
batches collected from FTU. The insert shows the XRD spectra, at higher resolution,
within 42-53°, ie. in the range where typical SS peaks are located. The non-
magnetic dust spectrum has been magnified by a factor 1.5 to improve visibility. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

phase compared to the fcc phase. An additional peak is present between
the austenitic and ferritic peaks, at about 44.00°, that is likely due to,
either, iron in the form of martensite (magnetic) or Ni compounds (see
insert). A similar peak was detected in the non-magnetic dust batch,
but it is unlikely that it is due to the presence of martensite, since the
other martensite-related peak at 82.10° was not visible.

COMPASS dust. The XRD spectra of the magnetic dust batch are
shown in Fig. 3, together with the FTU magnetic dust XRD spectra in
order to facilitate comparison. This spectrum also contains a ferritic
peak that exceeds the austenitic peak. However, the ratio between the
ferritic and austenitic peak in the COMPASS spectrum is lower than
that in the FTU spectrum. In addition, no appreciable peaks have been
detected in this batch that could be attributed to the presence of Ni
alloys or of martensite. The XRD spectra of the non-magnetic dust batch
are also shown, but they are featureless in the 20 angle range from
30° to 80°. Note that some peaks, that are attributed to quartz and C
allotropes, are present between 25° and 30° (not shown in Fig. 3). The
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Fig. 3. XRD spectra of magnetic dust batches from FTU (green line) and from
COMPASS (red line), together with those of the non-magnetic dust batch from
COMPASS (blue line). Apart from some secondary SS peaks in the magnetic batch
and quartz & carbon peaks in the non-magnetic batch, no additional peaks are present
outside the narrow angular range depicted. The FTU magnetic dust spectrum has been
magnified by a factor 4 to improve visibility. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

strong presence of carbon material in the non-magnetic dust batch was
also confirmed by energy-dispersive X-ray (EDX) investigations.

Alcator C-Mod dust. The XRD spectra of the magnetic dust batch
are almost identical to those of untreated AISI 316 grade dust, as
revealed in Fig. 4a. A subclass of the magnetic dust batch has been
further separated by means of a weaker permanent magnet in order to
verify the presence of a non-negligible quantity of ferrite iron, as shown
in Fig. 4b. The new XRD spectrum shows an increase of the ferritic
peak compared to the austenitic peak, thus verifying the presence of
non-negligible SS dust amount in ferrite form. The XRD results are con-
sistent with the morphological analysis of the Alcator C-Mod magnetic
dust, which revealed that the large majority of particulates is composed
of SS-based flakes and debris[9]. Such dust grains are unlikely to
have been subject to melting and re-solidification; the most common
mechanism responsible for crystalline phase change from austenitic
to ferritic in fusion devices. Finally, it is instructive to compare the
spectrum of the magnetic dust batch with that of the non-magnetic
batch, as done in Fig. 5. The spectrum of the non-magnetic batch does
not contain any austenitic peak leading to the conclusion that all the
SS-based dust particles, ferromagnetic and paramagnetic, have been
classified as “magnetic dust”.

3.2. Discussion of the XRD spectra

In tokamaks, the iron-based dust is generated by the interaction
between the plasma and the SS-based structural or plasma-facing com-
ponents, such as diagnostics and antennas. The amount of magnetic
dust is particularly high in FTU (~ 30wt%) due to its AISI304 steel
first wall composition, see Table 1. The austenitic peak present in the
XRD spectra indicates the presence of SS dust in an untreated form,
i.e. flakes and debris, that do not show any evidence of melting under
plasma interaction. On the other hand, the ferritic peak present in the
XRD spectra indicates the realization of a phase transition from the
austenitic to the ferritic form that is caused by the interaction between
the SS material and the incident plasma[7]. In addition, the FTU
XRD spectra reveal a peak consistent with the presence of martensite.
Martensite, whose crystal structure is body-centered tetragonal (bct),
is a supersaturated solid solution of carbon in iron which results from
the diffusion-less transformation that occurs when austenite is rapidly
cooled down.
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The main mechanisms leading to the phase transition from the
austenitic to the ferritic (or even the martensitic) form in fusion devices
are: (a) the generation of ferromagnetic induced structures, i.e. from
Fe-y to Fe-a, during the re-solidification of SS droplets in the presence
of a strong magnetic field [10,11], (b) the Fe-5 phase stabilization due
to the temperature quench of SS droplets [12,13], (c) the depletion of
y-stabilizing elements such as Mn or Ni in SS droplets[14,15] due to
sputtering or evaporation, (d) magnetomechanical effects induced by
SS machining [16,17].

From the XRD spectra of the magnetic dust batches collected from
different devices, it is evident that the dominant mechanism responsible
for the generation of magnetic dust can differ between devices. The
FTU spectra suggest (a) and (b) as the main mechanisms of magnetic
dust formation. The presence of martensite constitutes evidence for the
likely realization of mechanism (b), since it can be originated when
rapid cooling is involved. It should be noted that, while dust heating
can be rapid in fusion devices due to the continuous absorption of
plasma fluxes, dust cooling is generally slower being controlled by
vaporization, electron emission and thermal radiation [18,19]. Most
probably, the sudden temperature quench, necessary for mechanism
(b), is realized by conduction and occurs once molten dust splashes
on the vessel, FTU being a cryogenic device. The COMPASS spectra
suggest that (a) is the dominant mechanism of magnetic dust gener-
ation, since they are similar to the FTU spectra, with the exception
of the martensite and Ni alloy peaks. The Alcator C-Mod spectra are
very similar to those of standard SS powder, which indicates that the
main components of the batch are dust particulates (flakes, debris)
in their native austenitic form. Even though a non-negligible amount
of ferritic dust is present, most probably produced by mechanism (a),
most of the magnetic dust in this batch referred to paramagnetic dust.
Finally, the remaining mechanisms (c), (d) cannot be excluded and are
probably still active in all devices, albeit not dominant. For example,
chips generated by in-vessel works have been collected in Ref. [9].

XRD analysis led to the documentation of some conclusive evidence
of different operative mechanisms that are capable of generating mag-
netic tokamak dust. It should be mentioned that the magnetic dust
batches, considered in this investigation, may not be totally represen-
tative of the dust inventory of the respective devices. Nevertheless,
independent of the actual origin of magnetization, the ability of mag-
netic dust to mobilize under the influence of strong external magnetic
fields is an important issue for tokamak operations.

4. Magnetic force acting on paramagnetic grains

It has been demonstrated that strong tokamak magnetic fields are
able to mobilize adhered ferromagnetic dust[8]. The abundance of
paramagnetic SS dust that was revealed by the analysis of the XRD
spectra of the Alcator C-Mod magnetic dust batch raises the question of
whether these strong tokamak magnetic fields are also able to mobilize
adhered paramagnetic dust of high magnetic susceptibility. In order to
address this question, we shall assume perfectly spherical homogeneous
dust.

The volumetric magnetic moment force that is exerted on a uni-
formly magnetized sphere is generally given by [20]

fvp=(M-V)B, (€8]

with M the magnetization, B the total external magnetic field. For
ferromagnetic spherical dust, owing to the strong applied B-fields, the
magnetization will be instantaneously aligned with the toroidal mag-
netic field and will acquire its field-independent saturation value, M =
M(Ty)b. The temperature dependence will be dictated by Bloch’s law,
ie. M(Ty) = My [l — C(Ty/T,)*?] with My, the saturation magneti-
zation at absolute zero, 7, the Curie temperature, C a ferromagnetic
material constant [21]. In our case, we have C < 1, T, > T, which leads
to M((Ty) =~ My, [8]. Substituting for the toroidal field B = (B Ry/R)2,
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Fig. 4. XRD spectra of dust collected from Alcator C-Mod. (a) Spectra of magnetic dust batch (red line) compared to those of untreated SS AISI 316 grade dust (standard reference
material 166¢ - Stainless Steel AISI 316). Apart from some secondary SS peaks, no additional peaks are present outside the narrow angular range depicted. (b) Spectra of the
magnetic dust batch (red line) compared to those of a magnetic dust batch subclass collected by means of a weaker magnet (green line) around the locations of the main austenitic
and ferritic peaks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. XRD spectra of magnetic (red line) and non-magnetic (blue line) dust batches
collected from Alcator C-Mod. The designation “B compound” stands for iron, tungsten
or molybdenum borides. The insert shows the XRD spectra, at higher resolution, within
42-46°, where the typical austenitic peak is located. The magnetic dust spectrum
has been magnified by a factor 1.76 to improve visibility. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

with B, the field strength at the torus axis, R, the major radius and R
the radial dust position, one ends up with [8]
By Ry

= _MSOTeR‘

fler @)
For paramagnetic spherical dust, we have M = y, H inside the grain with
x, the volume magnetic susceptibility and B = uyH in the vacuum
ambient with y, the permeability of free space. Combining the above
with the magnetostatic relation (B - V)B = VB?/2, leads to a force
density that reads as (y, /2u,)V B? [22,23]. Substituting for the toroidal
field B = (B Ry/R)2, one ends up with

2 p2

0 Ro e

R3

v

Ho

par _
VB~

3

R

Thus, the magnetic moment force for both ferromagnetic and paramag-
netic dust is always directed towards the high-field side. Using R ~ R
for an estimate, we obtain

par
Iy _ 1By @)
ffer - UMy

VB 050

For the SS values of y, = 4 x 1073, M, 1735kA/m and with
By = 5T, this leads to /o ~ 0.01f5%. For the SS mass density of
P = 8g/cm?, we also obtain fgal; ~ 2pn&- Thus, the magnetic dipole
force on paramagnetic SS dust is a hundred times smaller than the
magnetic dipole force on ferromagnetic SS dust, but it still exceeds the
gravitational force by a factor of two.

We can now compare with the adhesive force resisting mobilization,
given by the van der Waals formula [24,25]
F,

vdw = 5 7d> )
0

where ry is the dust radius, z, ~ 0.4 nm is the distance of closest
approach and A is the Hamaker constant. Systematic non-retarded
Lifshitz calculations have led to the values A(Fe) = 3.92 x 107197,
A(Cr) = 371 x 107°J, ANi) = 3.73 x 107°J[26,27]. Therefore,
A(SS) 3.8 x 1071°J should be an accurate estimate. It emerges
that the magnetic moment force overcomes the adhesive force for
rq 2 0.8 mm. It is important to point out that nanometer scale surface
roughness would lead to non-zero remobilization probabilities even for
rq ~ 100pm [8,25]. In addition, micrometer scale surface roughness
would decrease the adhesion up to two orders of magnitude [28], while
prolonged plasma treatment at elevated temperatures would increase
adhesion up to two orders of magnitude [29]. Even with roughness
effects included, the predicted size of remobilizable paramagnetic SS
dust is rather large compared to that of metallic dust encountered
in the JET [30], ASDEX-Upgrade [31] and WEST [32] tokamaks, with
FTU [33] and Alcator C-Mod [34] being notable exceptions.

Finally, it should be noted that tungsten is slightly paramagnetic
Zv = 5.6 x 107% and that beryllium is slightly diamagnetic y, ~ —1.8 x
1070 [35]. Their magnetic susceptibilities are three orders of magnitude
lower than the magnetic susceptibility of paramagnetic stainless steel.
Thus, magnetic moment forces on tungsten and beryllium dust are al-
ways negligible with respect to gravitational and adhesive forces. Con-
sequently, magnetic moment forces cannot mobilize adhered tungsten
or beryllium tokamak dust.
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Table 2

Summary of the morphology and composition of the five dust particles that were
collected during two consecutive pure magnetic discharges in FTU. EDX stands
for Energy Dispersive X-ray spectroscopy and SEM stands for Scanning Electron
Microscopy.

Dust Shape Length or Main SEM
label diameter, material image
lord by EDX

1 Splashed 1=4.5 mm SS 6
stripe

2 Droplet d =160 pm SS 7
with tail =25 mm

3 Spheroid d =60 pm SS 8a

4 Flake =70 pm SS 8b

5 Flake 1 =300 pm SS 8¢

1mm

grain # 1

Fig. 6. SEM image of the entire elongated splashed stripe, labeled as grain #1, together
with a zoom-in at its top side. The results of the EDX analysis of the area contained
in the insert read as follows: Cr 19.1wt%, Fe 70.1wt%, Ni 10.3wt%, others 0.5wt%.

5. Dust collection during pure magnetic discharges

In an effort to quantify the pre-plasma remobilization probability of
magnetic dust, a dust collector plate was exposed in the FTU tokamak
during pure magnetic field discharges. The collector comprised of a
polished disk-shaped SS plate of 25mm diameter and was exposed
flush to the bottom of the vacuum vessel to two consecutive pure
magnetic field discharges of a 5.4 T nominal toroidal magnetic field.
The elevated rim prevented captured dust from rolling or sliding off
the collector, while the polished surface reduced the probability that
rolling or sliding dust would encounter a roughness ramp and then get
detached [4]. Since the sticking velocity of micrometer-size metal dust
does not drastically vary amongst vacuum compatible metals [18], an
SS plate was chosen. Aerogel collectors [36] were not preferred due to
the possibility of machine contamination with silica debris (given the
large dust sizes) and technical difficulties.

Analysis, carried out by an electron microscope prior to and post
exposure, revealed the presence of five large particles on the plate
after the discharges. Their morphology and dimensions are reported
in Table 2. The characteristic size of collected dust always exceeded
50 pm consistent with the prediction of a ~ 100pum size threshold
(smoothed by surface roughness) above which the magnetic moment
force on ferromagnetic dust exceeds the adhesion force [8].

A morphological consideration together with the EDX analysis led
to the conclusion that the magnetic dust particles #1, #2, #3 (see
Figs. 6,7, 8a) have been generated by the re-solidification of SS mate-
rial. In fact, the surface waves that are clearly visible on the spherical
dust #2, #3 are frozen capillary waves that constitute typical footprints
of re-solidification of adhered dust[37,38]. On the other hand, there

Nuclear Materials and Energy 28 (2021) 101045

grain # 2

Fig. 7. SEM image of the re-solidified spheroidal droplet and its long tail, labeled as
grain #2, together with the zoom-in both of the tail edge and of the droplet head. The
results of the EDX analysis of the droplet head read as follows: C 3.5wt%, O 0.7wt%,
Cr 17.3wt%, Fe 68.9wt%, Ni 9.6wt%.

grain #5

Fig. 8. (a) SEM image of the spheroidal particle, labeled as grain #3. (b) SEM image
of the irregular flake, labeled as grain #4. (c) SEM image of the needle-like flake,
labeled as grain #5. (d) The EDX spectrum of grain #5 revealing its SS composition.

are no macro-morphological features in particles #4,#5 (Fig. 8b and
c) that suggest re-solidification has taken place. Nevertheless, the EDX
spectra prove their origin from SS-based PFCs, see Fig. 8d for particle
#5.

Within the oversimplifying hypothesis that all the magnetic dust,
which is mobilized all around the vacuum vessel by the toroidal mag-
netic field, will fall down on the vessel floor once the magnetic field
is turned off, an estimation of the collected dust number during pure
magnetic discharges is possible. By utilizing the average magnetic dust
density value of ny ~ 1072 cm™ deduced for FTU [8] and the collecting
volume of V,,; = 330cm? (volume of the vacuum vessel column above
the collector plate), the number of dust collected on the plate is
estimated to be nyxV,, ~ 3 per discharge. The latter result is consistent
with the 5 dust particles actually collected during two consecutive ex-
posures to pure magnetic discharges, although the number of collected
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dust particles is statistically insignificant. It should be pointed out that
the starting hypothesis is only viable because the sticking velocity of
2 100 pm size dust is extremely small and, thus, the dust-PFC collisions
lead to inelastic rebound and not to immobilization [4,18,39].

6. Summary and conclusions

The XRD spectra of magnetic dust batches collected from three
tokamaks (Alcator C-Mod, COMPASS, FTU) are analyzed in order to
investigate the dominant form of magnetism (ferromagnetism, strong
paramgnetism) as well as the nature of the phase transition gener-
ating ferromagnetic dust from paramagnetic plasma-facing materials.
Analysis revealed that the main mechanism leading to the formation
of ferromagnetic dust is the change of crystalline phase from Fe-y
(austenite) to Fe-a /5 (ferrite) during the re-solidification of SS droplets.
Nevertheless, a large amount of SS-based flakes and debris, that do not
present any evidence of melting and re-solidification, was detected in
all magnetic dust batches, especially in the Alcator-C-Mod batch where
they constitute the dominant component.

The collection of such dust particles brought forth the issue of
whether strongly paramagnetic dust could also be mobilized by the
strong tokamak magnetic fields. Our estimates suggest that the mag-
netic moment force exerted on paramagnetic SS dust, although a hun-
dred times smaller than that exerted on ferromagnetic dust, always
exceeds gravity and overcomes adhesion for sub-millimeter range sizes.
Thus, pre-plasma mobilization of the strongly paramagnetic SS dust is
possible, but the same does not apply for the weakly magnetic tungsten
or beryllium dust.

Moreover, post-mortem analysis of dust collected from FTU during
pure magnetic discharges revealed the presence of both re-solidified
SS droplets and SS-based flakes in a quantity consistent with earlier
estimates of the density of the mobilized magnetic dust. The collection
of SS-based flakes/debris demonstrates that large paramagnetic dust is
indeed mobilized by the FTU toroidal magnetic field.

Finally, it is worth emphasizing that the magnetic field driven
mobilization of ferromagnetic and strongly paramagnetic dust prior to
plasma discharges [8] can be an important issue in the prospective of
the possible extensive use of low activation steel [40] and austenitic
stainless steel components [41] in future fusion reactors, i.e. ITER and
DEMO, where plasma breakdown is critical. In fact, the latest ITER pro-
jections anticipate the generation of comparable amounts of stainless
steel dust and tungsten dust by the end of the fusion power operation
phase [42,43].
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