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ABSTRACT

This paper summarizes the observations on the Unidentified Flying Object (UFO) observed during the first high fluence campaign performed in WEST. The campaign
was characterized by high erosion and deposition rates, generating dusts and deposits prone to flaking during plasma operation. A total of 686 UFOs have been
detected for 384 discharges executed, in which 133 UFOs lead to a disruption. These UFOs appear mostly during the low hybrid heating ramp-up early in the
discharges. The mechanisms leading to a disruption is described as well as the delay available to react after the UFO entering in the plasma. The UFOs originate
mostly from the high field side corresponding to the thick deposit area. These UFOs can be debris from a preceding disruption (=27 %) or come from progressive loss
of adherence of the thick deposits (=55 %) under plasma cycling or more likely by disruption on this area. Finally, the thermal resistance of the poorly attached
deposits has been calculated in the range from 2.10~* °C m2/W to 1.10~2 °C m?/W coherent with previous observations in the high field side of the JET divertor.

1. Introduction

The Plasma-Facing Components (PFC) of next-step fusion devices
will handle unprecedented heat fluxes and particle fluences. In partic-
ular, the first divertor of ITER is expected to operate until the end of the
first DT campaigns, which corresponds to more than 2000 h of plasma
discharge [1]. The WEST tokamak, equipped with an actively cooled
tungsten ITER-grade divertor, is intended to evaluate the performance of
the divertor under real tokamak conditions prior to ITER operation. A
first high particle fluence campaign has been performed in WEST in
2023, resulting in about 3 h cumulated plasma duration with attached
plasma condition in the lower divertor (T, ~ 25 eV) [2]. The main
limitation of this campaign was the appearance of Unidentified Flying
Object (UFO) gradually hampering the discharge rate due to early
disruption in the discharges.

* Corresponding author.
E-mail address: jonathan.gaspar@univ-amu.fr (J. Gaspar).
! : See http://west.cea.fr/WESTteam.

This paper presents the UFO database built in WEST with bolometer
and IR thermography systems. Sections 2 presents a summary of this
high fluence campaign and description of the diagnostic set-up. Section
3 presents the UFOs characterization with their occurrence, timing and
the classification of the UFOs depending on their impact on the dis-
charges. Finally, the last section describes the IR analysis of these UFOs
with their localization in the machine, the cause of their appearance and
also their thermal characterization in terms of temperature and thermal
resistance.

2. WEST high fluence campaign description
WEST is a superconducting tokamak with actively cooled PFC tar-

geted at testing ITER tungsten divertor in a tokamak environment [3].
The WEST divertor consists of 12 independent toroidal sectors of 30°

2 : See the author list of “Overview of the EUROfusion Tokamak Exploitation programme in support of ITER and DEMO” by E. Joffrin Nuclear Fusion 2024.
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each composed of 38 actively cooled ITER-grade PFCs for a total of 456
ITER-grade PFCs. The ITER-grade PFCs of WEST are based on the ITER
divertor technology, with actively cooled tungsten monoblocks (MB)
assembled on a copper heat sink in the radial direction [4]. The MBs
have the 0.5 mm height toroidal bevel, 1° inclination of the top surface,
as foreseen in ITER [5] to protect the leading edge from the almost
perpendicular heat flux. On WEST, the lower divertor is flat and
installed on the floor with 15° inclination below the magnetic X-point,
with the two strike points impacting the same PFC. Therefore, the MB
shaping has different orientation along the PFC in the inner strike point
(ISP) region (MB #1 to #19) and outer strike point (OSP) region (MB
#24 to #35). A transition area (MB #20 to #23) without shaping, to
accommodate the private flux area, complete the PFC. The WEST lower
divertor is monitored by a set of complementary thermal diagnostics
allowing temperature measurements and heat load characterization [6]:
20 embedded thermocouples (TC) and 5 Fiber Bragg Grating (FBG)
located at 5 mm below the top surface of the MBs and 13 InfraRed (IR)
views [7]. The diagnostics are spread over the 12 divertor sectors
keeping symmetric toroidal location of the sensors regarding the mag-
netic field toroidal modulation (ripple effect with 20° period). The di-
agnostics set-up and a simulated heat load pattern on the lower divertor
showing the ripple effect are shown in the Fig. 1a).

In 2023, a first high particle fluence campaign has been performed
from March 14th to April 12th 2023 [2], aiming at cumulating ITER
relevant particle fluence on the divertor. The plasma scenario developed
to optimize the divertor particle fluence is an attached L-mode plasma
(Te~25 eV) with Ip = 400 kA, P ;=3.8 MW (lower hybrid heating), ne
= 3.7 10'° m~? (core plasma density) and pulse length ~ 60-70 s, see
Fig. 2b). 384 repetitive discharges were successfully performed, accu-
mulating ~3 h of plasma and ~30 GJ of energy coupled to the plasma
mainly by Low-Hybrid (LH) heating. A total fluence of 5.10%6 D/m? was
reached at the OSP as measured with the flush Langmuir Probes (LPs),
which corresponds to the range foreseen for ~2 shots in the pre-fusion
plasma operation phase of ITER [1]. The main limitation of the
campaign was the appearance of UFOs entering in the core plasma and
leading to MHD activity and disruption. These UFOs induce an impurity
ingress with an increase of the radiated power and subsequent cooling of
the core plasma. An example of a discharge with multiple small UFOs as

Fig. 1.
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observed at the end of the high fluence campaign is shown in Fig. 1b)
with UFO events encircled.

3. The UFOs characterization

During the campaign, no operational cure has been found to avoid
UFO production mainly due to the random behavior of the UFOs as
function of time and space. To overcome this issue, an UFO database has
been made to classify the UFOs, determine the number of occurrences,
their timing, and their impact on the plasma discharge.

3.1. UFO classification and production

These UFOs are classified into three classes according to how they
affect the discharge by looking at the variation of the radiated power
(Prap), the line integrated plasma density (n¢), the plasma current (I,),
the injected power with the Low Hybrid Heating system (Pry), the
central electron temperature (T.(0)) and the plasma energy content
(Wnmp), Fig. 2 shows the evolution of these quantities for the three
different classes. The first class consists of small impact UFOs (class 1),
for which the plasma will survive and return back to its original state.
The impurity ingress cools the core plasma temporally, but the plasma is
resilient and the discharges continue with only a reduction of the pulse
duration due to the transient increase of loop voltage (Vioop) during the
UFO event. The second group consists of medium-impact UFOs (class 2)
with important core plasma cooling (below 2 keV) due to the larger
impurity ingress in the core plasma, resulting to a bifurcation in a”cold
branch” regime [8] prone to magneto-hydrodynamic (MHD) in-
stabilities systematically followed by a disruption up to several seconds
later. The third group consists of major impact UFOs (class 3) leading to
radiative collapse of the plasma and fast disruption typically within 200
ms.

The 384 discharges successfully executed have been manually
analyzed to determine the occurrence of each class. Only UFO leading to
a Prap increase > 200 kW (10 % of the total radiated power), while Py
is constant, have been kept. A total of 686 UFOs has been found with 553
class 1, 116 class 2 and 17 class 3. This indicates that a total of 133
discharges (=35 %) ended by a disruption due to an UFO among the
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(a) Top view of the machine with typical heat load pattern on the lower divertor due to the ripple
modulation (20°), the sector distribution, the antennas and the heat load diagnostics and infrared views. (b) Pulse
#58390, time evolution of plasma current (Ip [x100KA]), line integrated central density (ne [x10"m™]), Low
Hybrid power (PLu [MW]), and total radiated power (Praa [MW]) with UFO events encircled.
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Fig. 2

Impact on the discharges for the three UFO classes: (a), (¢) and (e) time evolution of plasma current
(Ip [x100KA]), line integrated central density (ne [x10"m]), Low Hybrid power (PLu [MW]), and total
radiated power (Praa [MW]). (b), (d) and (f) time evolution of central electron temperature (T.(0) [keV]) and
plasma energy content (Wwnp [x100J]). MHD activity in the cold branch overlay

total number of disruptions of 250 (disruptivity rate of 65 %). Fig. 3a)
shows the evolution of the cumulated number of UFOs for each class
versus the cumulated plasma duration and corresponding maximal D
fluence computed with the flush Langmuir Probes (LPs). The first UFO of
each class appears after a cumulated duration of 66 s, 1069 s and 4311 s
for the UFO class 1, 2 and 3, respectively. The fast apparition of the UFO
class 1 is due to dust and layers accumulated on the divertor [9] from the
previous plasma experiments performed before the start of the high
fluence campaign, from January 10th to March 14th, with a cumulated
plasma duration of ~2h25 min and ~13 GJ of energy coupled to the
plasma with wide variety of injected power and magnetic equilibriums.
Fig. 3b) shows the number of UFO per minute for each class and the
total. These numbers increase during the campaign up to a relative
constant value around 6 UFO/min, for the total of all classes, but more
importantly the class 2 (leading to disruption) seems stationary after
~2h of plasma to a value around 1.5 UFO/min. Considering the duration
of the discharge of 1 min this shows the high impact of the UFO on the
plasma operation (considering also that sometimes few pulses are
required to recover from the disruption). For the whole high fluence
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campaign, 250 discharges among 384 exhibits at least one UFO (65 %)
with a maximum of 12 class 1 UFO in a single discharge and only 19
discharges (5 %) longer than 50 s are UFO free.

3.2. UFO timing & impact on plasma discharges

Fig. 4a) shows the histogram of the time when the UFOs entering in
the plasma for the three UFO classes, the vertical dashed lines are the
Py ramp-up phase between 3 and 6 s. For the class 1, 180 UFOs (33 %)
among 553 occur during the LH ramp-up then are uniformly distributed
throughout the discharges duration. For the classes 2 and 3, 80 UFOs
(60 %) among 133 are in the LH-ramp-up phase. Few class 1 (4 %) and
class 2 UFOs (7 %) are detected before the LH phase, around 2 s, when
the magnetic equilibrium goes from limiter (on the main chamber
inboard limiters) to the X-point configuration. Fig. 4b) illustrates the
delay between the UFO appearance and the plasma end (whether it is
from a disruption or from the programmed waveforms), this gives the
time available to react after the entering of the UFO in the plasma. The
delay for the class 1 is quite uniformly distributed over the typical
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Fig. 3. (a) Cumulated number of UFOs and (b) number of UFOs per min as function of the cumulated plasma duration and peak D fluence for the different classes

and the total.
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discharge duration of 1 min as expected. The delay for the class 2 is
shorter as this kind of UFO induces the disruption, the median is about 1
s and 35 % are between 200 ms and 500 ms. Finally, the delay for the
UFO class 3 is about 100 ms and the fastest is 54 ms. This is higher than
the disruption triggered by UFO on other machine as C-mod where
disruption in 2 ms has been observed with Molybdenum UFO [10].
Fig. 5 shows the impact of the UFOs on the radiated power, the
central electron temperature and the plasma energy content for the
different classes. The UFOs class 1 induce a moderate increase of Prap
lower than 1 MW (50 % of Pgrap before UFO), leading to a small
reduction of the plasma energy (about 5 %) and more importantly a core
temperature still in the range of 3 keV. For the classes 2 and 3 the Prap
increase is higher resulting to plasma energy decrease from 20 % to 60 %
and a core temperature in the range of 1 keV. This plasma cooling leads
to a bifurcation into the “cold branch” regime with low central tem-
perature and degraded LH absorption preventing the central heating of
the plasma and MHD instabilities leading to the disruption [8]. To avoid
the disruption with UFO class 2, an additional central electron heating
would be necessary to increase the central temperature above 3 keV in
the stable domain of the tungsten cooling factor. A first evaluation of the
UFO composition has been done using bolometry inversion and
Bremsstrahlung emission for the effective ion charge Z.. It is shown that
most of the UFOs are mainly composed of tungsten to match the

bolometry line of sights and the Zeg variation. The tungsten mass
mobilized in the UFO has been evaluated in the range of 14 ng, 64 ug for
class 1 and 2 respectively. Only few events of class 3 were evaluated,
with an average of 110 pg.

4. IR analysis

The WEST IR system is composed of 13 IR views with 6 divertors
views (covering 85 % of the divertor), 5 antennas views (100 % of the
antennas), one wide angle view and one high resolution view. Fig. 6 a)
shows an example of one part of an IR divertor view. Thanks to this wide
coverage and the UFO detection performed in the previous section, the
IR movies have been analyzed to detect the UFO trajectories and
determine their location before their take-off and entering in the plasma
(see Fig. 6 b) to g)). For the classes 2 and 3, 111 UFOs (83 %) among 133
have been detected which is coherent with the divertor coverage by the
IR system of 85 %. For the class 1, 339 UFOs (61 %) among 553 have
been detected, this lower value is explained by the fact that small UFOs
(APrap<400 kW) are difficult to detect due to their small size and short
lifetime before full ablation. Nevertheless, a large number of UFOs were
detected, making it possible to carry out a statistical study of the various
quantities, such as their location (sector, PFC number and MB) and their
thermal behavior before their detachment (temperature, thermal
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Fig. 6. (a) Example of IR divertor view of the lower divertor during the last week of the high fluence campaign. (b) to (g) example of UFO trajectory with UFO

location before take-off.

resistance). Note that the apparent size and temperature of UFOs on IR
images (which can change during the trajectory) are linked to their
actual size and temperature, although the two criteria cannot be disso-
ciated (a small, hot UFO has the same trace as a larger and colder one).

4.1. UFOs location

Fig. 7a) shows the histogram of the UFOs sector location for the three
classes with indication of the sectors with poor IR coverage. The lower
divertor in WEST is composed by 12 divertor sectors, each having 30°
toroidal extension which is also equivalent to 1.5 magnetic field toroidal
modulation period in WEST (20°). The sectors located in module A

60

(QXA) exhibit higher UFO production about twice higher than the
module B sectors (QXB). This is explained by the Fig. 7b) showing the
histogram of the UFO versus the toroidal angle mapped on a ripple
period (20°) as important toroidal modulation of the magnetic line
(called ripple effect) is present in WEST. The UFO production occurs
mainly in the maximum inner heat load area. Module A sector (QXA)
exhibits two maximum inner heat load areas and module B sector (QXB)
only one, this explains the previous statement. Considering that the UFO
production appears uniform at the machine scale for all ripple period in
all sectors.

At the PFC scale in the radial direction, the Fig. 8a) shows that the
UFO production occurs mainly on the High Field Side (HFS) for all
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Histogram of UFO (class 1/ class 2/ class 3) location versus (a) sectors and (b) toroidal angle mapped
on a ripple period (20°) with overlay for the maximal heat load areas for the outer and inner sides.
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Histogram of UFO versus monobloc number (a) for class 1/ class 2/ class 3 and (b) for category A/

category B/

classes from MB number 8 to 12 corresponding to the thick deposit area
[11], few MBs away from the ISP position, in the far scrape off layer
(SOL). Post-mortem observations of this area show that, during the high
fluence campaign the thick deposit is mainly composed by a tungsten
dense layer [12] coherent with UFOs mainly composed of tungsten. A
small number of UFOs originate from the Low Field Side (LFS) where
thin foil deposits have been observed in the shadowed area [2] and from
the private flux region without deposit on the MB. To determine the
origin of the UFOs, the previous pulses have been analyzed to under-
stand the mechanisms of the UFO birth. Three different UFO birth cat-
egories have been defined. The category A is an UFO detaching from a
thick deposit area with poor thermal contact. In this case, during the
previous pulses the UFO area exhibits high temperature with fast vari-
ation following the time evolution of the injected power as illustrate in
the Fig. 9a) with a detailed discussion. The UFO category B is a debris
produced by a disruption during the previous discharge or few dis-
charges before. In this case we can observe that during a previous pulse,
mainly the last one, a disruption occurs creating a lot of debris with one
debris ending up in the area identified as the UFO (same pixels) at the

with outer and inner strike point location (vertical dashed lines).

following discharge. The UFO category C is an “undetermined” popu-
lation as, during the previous discharge, the UFO were “cold” without
indication of poor thermal contact and no debris has been observed
during the previous disruption (even if the determination of the debris
can be difficult with low temperature contrast). Fig. 8b) shows the his-
togram of UFOs versus the MB number for the different categories of
causes. For the classes 2 and 3 about 30 UFOs (27 %) are debris (cate-
gory B in magenta) from preceding disruptions. For the class 1, 459
UFOs (83 %) are coming from thick deposit (Cat. 1 dark blue) and 58
UFOs (17 %) from debris (Cat. B magenta). The debris are mainly on the
HFS as they originate from the thick deposit area when disruption occurs
in this area. Fig. 8b) shows also that UFOs originating from the LFS and
the private flux region are mainly debris from preceding disruptions
(Cat. B in magenta). In addition, 9 category B UFOs originate from the
baffle. At this point no precursor has been found as for every disruption a
large plume of hot debris of the PFCs can be observed in the IR movies
but a very few numbers of these debris become an UFOs in the next
discharges.

The category A (dark blue) is the main cause of the UFO production
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Fig. 9.

Time (s)

Time evolution of the surface temperature at class 2 UFO of the pulse #58583 from the beginning of
the high fluence campaign to the UFO appearance (color gradation from blue to red), pulse with UFO appearance
#58583 at turo=52.3s (black) and next pulse (magenta). (a) full discharges (b) zoom in at the tyro=52.3s.
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for all classes, with 204 UFOs (60 %) for the class 1 and 61 UFOs (55 %)
for the classes 2 and 3. It is therefore necessary to study the cycling of
these poorly attached deposits to understand the reason of this poor
thermal contact and analyze if precursor of UFO can be defined. Several
category A UFOs have been analyzed and the disruption seems also to
play an important role in this category of UFO. Fig. 9a) shows the
heating evolution of the surface layer during the campaign with color
gradation from the start (dark blue #58174) to the UFO take-off (black
#58583) and the heating after the UFO for the remaining deposit
(magenta #58595). At this location the heating of a MB without surface
deposit is in the range of 10 °C as for the first curve for the discharge
#58174. The third curve with heating up to 20 °C corresponds to the
discharge #58308 after 3740 s of cumulated plasma duration. This
heating increase can be attributed to the growth phase of the surface
deposit, with increasing thickness and thermal resistance. Then a fast
increase of the heating is observed from 20 °C to 40 °C for the discharge
#58318 only 54 s of plasma exposure after the discharge #58308 but
with a disruption on the lower divertor. After this discharge, 4 disrup-
tions occur and for the discharge #58323 an important heating in the
range of 120 °C is observed. Finally, the heating remains almost constant
in the range of 100-120 °C during 5230 s of cumulated plasma, hun-
dreds of cycling and many disruptions, then during the discharge
#58583 a part of the surface deposit detached at 52.3 s in the discharge
and leads to a disruption (black curve). Fig. 9b) illustrates that no pre-
cursor on the thermal behavior indicates the imminent UFO event. After
this, the heating of this area remains in the range of 60 °C (magenta
curve) showing that a part of the deposit remains on the component with
poor thermal contact, but no further evolution has been observed. The
heating history of more UFO must be analyzed to confirm the impact of
the disruption in the degradation of the thermal contact.

4.2. Thermal analysis of the surface layer

Fig. 10a) shows the histogram of the surface temperature of the UFO
areas just before the UFOs. The surface temperature is obtained from the
blackbody temperature measured by the IR system and converted in real
temperature considering an emissivity of 0.8 which is the range mea-
surement in these areas [13] and blackbody surrounding temperature of
70 °C which is the temperature of the water in the cooling pipes. At this
stage no correction of the spatial resolution has been done [14] leading
to a potential under-estimation of the real temperature of the deposit.
The temperature range is mainly from 100 to 300 °C corresponding to
heating from 30 to 230 °C and depends on the location of the deposit
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(MB number) and the surface heat flux varying from 2.2 MW,/m? close to
ISP (MB#15) down to 0.25 to 0.1 MW,/m? in the thick deposit area from
MB#12 to MB#7, respectively. The heat flux distribution has been
estimated from the FBG measurements [15]. With the knowledge of the
surface temperature of the deposit at the steady state and the tempera-
ture of water circulating in the MB, the thermal resistance of surface
deposit can be calculated. Fig. 10b) shows the histogram of the UFO
versus their thermal resistance in log scale. The thermal resistance of
these areas is in the range from 2.10~% to 1.10~° °C m?/W. These values
are in the range of previous observations in JET with carbon wall with
thermal resistance of carbon deposit from 6.2 107> to 1.5 107 °C m?/W
[16] and also in the JET ITER-like wall with thermal resistance of
Beryllium of 5.107* °C m?/W [17].

5. Conclusion

The first deuterium high fluence campaign performed in WEST cu-
mulates ~3h of plasma in L-mode attached divertor condition and a
maximum fluence of ~5.10% part/m? with 384 discharges executed.
One of the main outcomes of the campaign is the progressive appearance
of UFOs, significantly hampering operation after ~2 weeks of repetitive
pulses. An UFO database has been built with a total of 686 UFOs
detected and classified into three classes depending on their impact on
the plasma discharge. A total of 133 UFOs leading to a disruption
(classes 2 and 3) have been identified (a third of the executed pulse
number). The frequency of the UFOs increased over the weeks up to a
relative stationary value of ~6 UFO/min for all classes and ~1.5 UFO/
min for UFOs leading to a disruption. At the end of the campaign, most
of the pulses were affected by UFO leading to disruption. The UFOs
appear mainly during the early phase of the discharge, during the
heating power ramp-up (=60 %). The disruptions induced by the UFOs
(classes 2 and 3) are due to the core plasma cooling from T.(0) 34 keV
down to 1 keV leading to a radiative collapse followed by a disruption.
For these UFOs the delay between the UFO appearance and the
disruption is mainly in the range from 100 ms to 1 s with delayupto 12's
and fastest disruption in 54 ms.

The wide IR coverage allowed the localization of most of the UFOs.
They originate predominately from the HFS in the maximum inner heat
load areas where thick deposits are observed. The main cause of the UFO
production appears to be the disruptions on the lower divertor by
different ways. For the UFOs leading to a disruption, ~27 % of the UFOs
are debris from a preceding disruption and ~55 % are due to cycling of
deposit with poor thermal contact that seems initiated by disruption on
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the thick deposit area. Finally, the thermal resistance of the poorly
attached deposit has been calculated in the range from 2.107* to
1.102 °C.m2/W coherent with previous observation in the HFS of the
JET divertor. A cleaning of the divertor has been performed using an
adhesive technique during the shut-down after the high fluence
campaign before the following campaign started in winter 2023. More
advanced techniques are under development to improve the cleaning of
the divertor during future shutdown. In parallel, cooling of the divertor
using impurity seeding are under development to cool the plasma edge
and reduce the erosion and material deposition to increase the fluence
capabilities in WEST.
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