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I. INTRODUCTION

In tokamaks the core exhaust is directed to a small portion
of the divertor target through the Scrape Off Layer (SOL). The
parallel heat flux in a power plant size reactor is more than 2
orders of magnitude higher of what materials can withstand
with current technologies so mitigations are required for it to
be reduced to the widely used limit of 10MW /m? orthogonal
to the target.! One of such mitigations, planned to be used in
ITER, is detachment. Here a buffer layer with low plasma
temperature is created in front of the target such that a large
fraction of the plasma energy is dissipated radiatively in the
volume in front of it rather on the surface and the plasma flow
is also reduced. This is induced with two methods: increas-
ing the density in the divertor or seeding impurities. With the
latter the impurities can retain electrons in the inner shell for
a wider temperature range than hydrogen, radiating more effi-
ciently in the SOL, causing a temperature reduction such that
volumetric processes become relevant. With the former the
high density in the divertor causes an increase in the density
of hydrogen neutrals that can remove energy radiatively or via
transport, reducing the temperature.> In both cases a region
with strong emissivity “detaches” from the target and moves
upstream towards the x-point. Detachment was demonstrated
in Alcator C-Mod> and AUG* to significantly reduce target
heat flux in conditions scalable to burning plasmas like ITER.
In high performance regimes short (sub ms) bursts of heat and
particles from the core (edge localised modes, ELMs) hap-
pen cyclically increasing temporarily the heat flux by 2-3 or-
ders of magnitude, and this can hardly be tolerated by large
tokamaks.? If ELMs happen when the target is detached the
plasma temporarily reattaches and looses energy in the pro-
cess of dissociating and ionising the neutrals. This is benefi-
cial for the reduction of target heat load but computational and
experimental investigations are difficult due to the dynamic
nature of the phenomena.

The aim of this study is to investigate the behaviour of
ELM-like pulses on a detached target. During detachment the
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region in front of the target is cold so neutral and molecu-
lar density is high and this might effect the ELM behaviour.
Of particular interest is the relevance of molecular assisted
processes (ionisation (MAI), recombination (MAR) and dis-
sociation (MAD)) over atomic. This was studied before in
tokamaks and linear machines but never during the ELM burn
through.%7 Another topic is if a regime in which the ELM en-
ergy can effectively be fully dissipated in the volume, mean-
ing the energy reaching the target is negligible for its whole
duration, exists. This work is also important because different
phenomena are at play and have to be correctly understood to
gain predictive capability for the ELM burn through in toka-
maks. The filamentary nature of the ELM makes a 3D treat-
ment necessary®® while its fast transient nature makes kinetic
effects relevant.! On top the interaction with cold neutrals,
with solid surfaces and the cooling of the plasma to sub eV
temperature require transport and a large number of interac-
tions to be accounted.!!'? The presence of molecular precur-
sors like H>* and H~ and their interactions with plasma and
neutrals further complicate the picture, so it is necessary to
asses if they play a significant role in the burn through pro-
cess.

To reliably investigate this phenomena ELM-like pulses are
reproduced in Magnum-PS], a linear plasma machine in DIF-
FER, The Netherlands, capable to reproduce steady state heat
fluxes comparable to ITER target. The configuration is dif-
ferent than a tokamak, but the simpler geometry allows for
an easier interpretation, better repeatability and diagnostic ac-
cess. The ELM-like pulses are generated thanks to a capacitor
bank (CB) and detachment is induced by increasing hydro-
gen neutral pressure in the target chamber. The Optical Emis-
sion Spectroscopy (OES) setup was improved to increase the
time resolution in order to collect data on the ELM-like pulse
behaviour. A power and particle balance in the plasma col-
umn inside the target chamber, decomposing molecular and
atomic contributions, was performed through a purpose built
Bayesian routine that also makes use of the new OES data.

It will be shown that by increasing the neutral pressure more
energy is removed from the ELM-like pulses, up to the point
that the target is not significantly effected by them. The ELM-
like pulse effect on the target here reproduced is comparable
to what measured in current tokamaks, even if significantly



lower than the expectation for large scale devices like ITER,
and can be reduced by increasing the neutral pressure. It will
also be shown that for increasing neutral pressure the energy
and plasma of the ELM like pulse will increasingly be re-
moved in the volume and that an important role is played by
plasma/molecules interactions. The radiated power losses are
a significant power loss channel, but elastic collisions with
neutrals and exchanges of potential energy dominate in re-
ducing the plasma temperature to levels where recombination
becomes important.

Il. EXPERIMENTS SETUP

Magnum-PSI is a linear machine with a superconducting
coil surrounding the vacuum chamber to confine the plasma
from a cascaded arc plasma source to the target. The ves-
sel is split in three chambers separated by skimmers to al-
low differential pumping. This ensures that the conditions in
the target chamber are independent from the source and the
vast majority of the impurities and neutrals from the source
are removed from the plasma column before it enters the tar-
get chamber.!> Magum-PSI is capable of reproducing ITER
steady state orthogonal target heat flux, even if the parallel
heat flux is much lower.'> A capacitor bank is connected in
parallel to the plasma source power supply to temporarily in-
crease the heat flux tenfold and simulate ELMs.'# A schematic
of the Magnum-PSI machine is in Figure 1.

A. Experimental conditions

In Table I are indicated the experimental conditions used on
Magnum-PSI for this work, with the indication of the type of
discharge based on the light emission as it will be defined in
Section III. ID 1-4 are referred to as weak pulses: the mag-
netic field intensity is lower so the steady state and ELM-like
pulse input energy is spread over a larger area, making it eas-
ier for the background gas to baffle it, and the energy in the
capacitor banks is also lower. ID 5-10 are conversely referred
to as strong pulses, with stronger magnetic field and higher
capacitor bank energy.

B. Diagnostics

Here the diagnostics employed in this study will be intro-
duced. Some can observe individual ELM-like pulses while
other only a limited part of it, so a sampling strategy was
adopted to reconstruct the full behaviour of the ELM-like
pulse. More detail in Section A.

The results from the diagnostics used in the experiments are
described in the following sections:

VI Jarell-Ash, Czerny-Turner spectrometer OES: Hydro-
gen atomic line emission (Balmer serie n =4 — 8 — 2)

IIT Vision Research Phantom v12.1 CMOS camera: axial
and radial view of the plasma

IV Thomson scattering (TS): electron temperature and
density

V Infrared (IR) camera FLIR SC7500MB: target tempera-
ture (used with calibration from FAR-Associate Spectro
Pyrometer FMPI)

D5 Power source (ADC): temporal variation of the power
delivered to the plasma

1. Optical emission spectrometer (OES)

The main component is a Jarell-Ash spectrometer con-
nected to a fibre optic bundle with 40 individual cores that
view the plasma radially with a resolution of 1.06mm, individ-
ual line of sight (LOS) width of ~1mm. See the OES LOS in
the target chamber in Figure 1, further detail from Barrois.!?

Before this work was conducted the camera connected to
the spectrometer was a Princeton Instruments PIXIS 2048B,
with a shutter speed of the order of seconds. In order to ob-
tain information on the behaviour during the pulse this cam-
era was replaced in 2019 by the author and Gijs Akkermans
with a Photometrics Prime95B 25mm RM16C with a mini-
mum integration time of 20us. The camera has a CMOS sen-
sor with rolling shutter, meaning the exposure of one row hap-
pens after the previous row is completed, forcing to accumu-
late data on multiple ELM-like pulses to reconstruct the full
brightness profile. Details on how to sample all stages of the
ELM-like pulse so that to obtain a coherent picture are shown
in Section A while the steps from raw images to line emis-
sivity are detailed in B. The sensitivity calibration was done
via a Labsphere as explained extensively by Barrois.'> During
the experiments was recorded hydrogen Balmer line emission
p =4—oc — 2, withlines p =4 — 8 — 2 considered having a
sufficient signal to noise ration and being here used.

2. Fast Camera

A Phantom v12.1 CMOS camera is installed such that it
has a radial and axial view of the plasma coming from the
source (left) and directed to the target (right). The view is
through a lateral viewport of the vacuum vessel so the use-
ful FOV is limited to a diameter of ~75mm (see Figure 2, 4.)
The camera records visible light and it’s not used to deliver
quantitative information but it is very useful to establish the
qualitative behaviour of the plasma. The frame rate used was
67kHz, enough to resolve individual ELM-like pulses (~1ms
in duration, 67 frames). The information from multiple pulses
was then averaged. Thanks to this diagnostic it is possible to
identify distinct regimes that manifest by increasing the neu-
tral pressure in the target chamber and therefore increasing the
level of detachment.
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FIG. 1: Schematic of Magnum-PSI linear plasma machine. z = 0 corresponds to the surface of the target, Thomson scattering
and Optical emission spectroscopy are located at z = —31.2mm. The TS view is composed of 50 evenly spaced LOS orthogonal
to the plasma column while the OES one of 40. The fast camera has a radial view of the plasma through a lateral viewport of the
vacuum vessel of diameter ~75mm. The IR camera has a similar radial view that is converted to looking at the target surface by
a mirror outside the target chamber. The mirror angle can be adapted to maintain the view of the target when moved in z.

capacitor | capacitor |Magnetic| Target chamber | Target chamber |Steady state neutral pressure| Stage (defined
ID| voltage [V] | energy [J] | field [T] | H; feeding [slm] | pump speed [%] in target chamber [Pa] in Section III)
1 370 10.3 0.6 0 82 0.223 1
2 370 10.3 0.6 0 25 0.385 1
3 370 10.3 0.6 10 25 5.991 2/3
4 370 10.3 0.6 20 25 10.956 3
5 800 48.0 1.3 0 82 0.296 1
6 800 48.0 1.3 0 25 0.516 1
7 800 48.0 1.3 5 25 4.370 1/2
8 800 48.0 1.3 10 25 8.170 2
9 800 48.0 1.3 15 25 11.847 2
10 800 48.0 1.3 20 25 15.040 2

TABLE I: Table of the experimental conditions of Magnum-PSI for the experiments presented in this work. Common
parameters are: source current 140A, 31.2mm target to OES/TS distance,TZM (a molybdenum alloy) target. ID 1-4 is referred
to as weak pulses conditions while ID 5-10 are referred as strong pulses. The stages definition will be given in Section III.

3. Thomson scattering (TS)

Thomson scattering (TS) is a diagnostic that allows to mea-
sure T, and n, by firing a laser beam in the plasma and collect-
ing the scattered light. 50 LOS are measured simultaneously
in the radial direction (in the same plane as OES as shown in
Figure 1) to reconstruct the profile of the plasma. In Magnum,
TS can be used for steady state plasmas but also for time de-
pendent measurements, albeit with reduced performance. For
this campaign the system was used in time dependent mode
with 50us time resolution and integration time, with an un-
certainty < 3% for electron density and < 10% in electron
temperature for n, > 2.8 - 10*°#/m>. The time between con-
secutive measurements must be equal to the laser frequency,
10Hz, thus forcing to accumulate data on multiple pulses to
reconstruct the whole time evolution.!® Details on the sam-
pling strategy is given in Section A.

4. IR camera

This data is collected by a FLIR SC7500MB infra red cam-
era that aims at the surface of the target in the wavelength

range 3.97 —4.01um. The camera view is directed towards
the target by a mirror and enters the target chamber from a port
upstream from the target as shown in Figure 1. The tempera-
ture calibration is performed with a dedicated FAR-Associate
Spectro Pyrometer. The frame rate is about 3kHz, that corre-
sponds to ~3 frames per ELM-like pulse and integration time
was set to 100us. To increase the confidence on the mea-
surements the records for multiple ELM-like pulses are over-
lapped and averaged once the target reached a thermal steady
state in a similar fashion as done by Li.!” The IR camera re-
sults are in the form of 2D the temperature profile on the target
over time. Due to differences in the triggering system it is not
possible to directly relate IR camera time with OES or TS so
this results are used independently.

5.  Power supply

The steady state power supply regulates the DC plasma
source voltage such that its current is equal to the set point.
In parallel is connected a capacitor bank composed of 28 in-
dividual sections consisting of an inductor (L=160uH) and
a capacitor (C=150uF). The energy stored in each capacitor



(shown in Table I) is given by %CVZ. These can be individ-
ually controlled such to charge to a set voltage and discharge
at a set time. The current released by the capacitor will be
additional to the steady state one. The voltage and current at
the plasma source are recorded and data from multiple ELM-
like pulses is overlapped to compensate for small differences
in each capacitor/inductor pair in a similar fashion as done for
the IR camera. The energy transferred into plasma energy was
measured to be 92% of the electrical energy dissipated at the
plasma source during ELM-like pulses.'* Some of the energy
can additionally be dissipated in the volume between source
and the target skimmer in the source and heating chamber.
The pressure in these is maintained as low as possible via dif-
ferential pumping to reduce interaction with cold gas and en-
ergy losses. Energy losses due to the interaction of the plasma
with source and target skimmers are here neglected.

The results that can be gathered by the examination of the
individual diagnostic data, without further cross comparison
will now be presented. The Fast camera will be used to un-
derstand the spatial behaviour of the pulse, the level of de-
tachment and to distinguish the influence of increasing neu-
tral pressure on the burn through of the pulse. Thomson scat-
tering allows to measure the main plasma properties so that
the plasma pressure losses can be compared with target cham-
ber neutral pressure. The target temperature allows to deter-
mine the energy delivered to the target by the ELM-like pulse,
finding it decreasing with increasing neutral pressure until full
baffling is achieved. Then the understanding will be deepened
with the use of a Bayesian technique specifically developed
to interpret in a self-consistent way results from different di-
agnostics. This allows to quantify the relevance of molecular
assisted processes compared to the molecular ones.

Ill. FAST CAMERA

In this section the visible fast camera brightness is used to
examine the spatial distribution of the emission in the target
chamber and how the ELM-like progression to the target is
impacted by increasing neutral pressure. This will allow to
define 3 progressive stages of detachment based on the aver-
aged spatial brightness profile.

A. Steady state

In order to characterise the state of the plasma during the
ELM-like pulse from the visible fast camera brightness, the
known characteristics of a steady state plasma are shown in
Figure 2.5!8 These images are taken with a He filter with
plasma in similar conditions to the ones in this work (1.2T,
120A) during an experiment by Akkermans.® Because of the
presence of the filter the images are effected by blur. For low
target chamber neutral pressure the plasma emitting region is
concentrated close to the target at the centre of the plasma
column. This indicates that the interactions between plasma
and the background gas are weak and the plasma can flow to-
wards the target mostly unperturbed. This is due both to the

low neutral density and to the fact that the high plasma tem-
perature typical of low target chamber neutral pressure causes
further dilution.! Increasing the neutral pressure the radiation
in the volume increases while it decreases close to the target,
indicating the volume plays an increasingly important role.
By increasing the neutral pressure further the radiation be-
comes absent close to the target and the plasma recedes from
it. The peak plasma density close to the target first increases
from 1.13 to 1.98 - 10%#/m> from 0.29 to 2.01Pa then de-
creases to the point that TS measurement fails at 17.3Pa. The
peak plasma temperature conversely decreases from 3.34eV
to 1.53eV and becomes undetectable at 17.3Pa. That is con-
comitant to a monotonic loss of plasma pressure, consistent
with the with the behaviour of a plasma that experience de-
tachment caused by the increase of neutral pressure.'® The
plasma is classified as attached to the target in Figure 2a and
b, while detached in Figure 2c.

Averaging the visible fast camera brightness over the radial
direction one can obtain the profiles in Figure 3, that reinforce
how the main interactions of the plasma shift from close to
the target to the volume of the plasma column for increasing
neutral pressure. The increase in visible radiation correlates
well with observations from simulations that Ho emission is
greatly increased from the detachment onset onward because
of the influence of molecular reactions.!! Established that the
detachment state of the plasma can be inferred from the vis-
ible fast camera brightness we can look at the measurements
during the ELM-like pulse.

B. Effect of ELM-like pulses

The fast camera was set with a high frame rate of 67kHz and
low integration time of 900ns in order to capture the bright
ELM-like pulse behaviour. With this settings the brightness
of the steady state is zero and only the pulse can generate
counts. The ELM-like pulse lasts 0.7 to 1ms (equivalent to
67-47 frames) depending on the target chamber neutral pres-
sure and a clear movement of a radiation front from the source
to the target could not be clearly identified with this settings.
In order to extract information on the behaviour across the
ELM-like pulse the camera measurement is averaged in time
over the time interval with non zero data. The data from a few
ELM-like pulses in the same conditions is then further aver-
aged. A sample of the results for the plasma conditions in this
paper are shown in figure Figure 4.

Figure 4a corresponds to a low target chamber neutral pres-
sure. In this conditions it is typical to register a bright emis-
sion in proximity of the target while almost nothing is visi-
ble far from it, meaning the vast majority of the interactions
happens at the target while the plasma is transported, mostly
undisturbed, through the bulk of the target chamber. This
closely resemble what observed in Figure 2a, indicating that
the plasma is here attached to the target. Another observa-
tion is that during the ELM-like pulse the visible fast cam-
era brightness close to the target increases and then decreases,
while maintaining the same relative shape. This points to-
wards the fact that the plasma is attached before, during and
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FIG. 3: Radial average of the visible fast camera brightness
for the steady state cases in Figure 2. The longitudinal
position axis is cut after the target. The brightness decreases
towards the source as the plasma exits the field of view of the
camera.

after the pulse. This is also confirmed by independent TS and
OES measurements. From the steady state to the peak ELM-
like pulse values 7, rises from 5 to 9.38eV and n, from 1 to
23.7-10%#/m? (see Section IV for further details). This ex-
perimental condition is the first one encountered starting from
low neutral pressure, so it is referred to a Stage 1.

In Figure 4b the neutral density is increased. The light
emission in the bulk of the target chamber increases with re-
spect to at the target and is typically quite homogeneous along
the magnetic field direction. The emission closely resembles
Figure 2b, meaning that during the ELM-like pulse the plasma
is still attached to the target. This in not the case before
and after, where the density is so low that TS measurements
fail and no emission is visible from OES. During the ELM-
Like pulse peak T, decreases to 4.61eV while n, increases to
52-10?°#/m>. This conditions are referred to as Stage 2.

If the neutral pressure is further increase from what causes

Stage 2 to occur the baffling in the bulk of the target cham-
ber can be so severe that the strong luminous spot close to
the target might not appear. This is shown in Figure 4c. In
such cases the interaction of the plasma in the volume is so
strong as to baffle the ELM-like pulse entirely. Only lumi-
nosity in the volume is present, closely resembling Figure 2c
that corresponds to a detached plasma, meaning the plasma
is detached before, during and after the ELM-like pulse. The
OES, TS, and visible fast camera brightness is measurable for
a much shorter time compared to the ELM-like pulse duration
(~200us compared to 700LLs) meaning most of the ELM-like
pulse is baffled by the neutrals. This is further confirmed by
TS as peak T, drops from 0.63 to 0.58eV and n, from 12.6
to 4.7-10?%#/m> increasing the neutral pressure from Stage 2
(ID 3 to 4 in Table I). This regime is referred to as Stage 3.

The information in Figure 4 is summarised in Figure 5 and
6 that show the average along the radial direction of the visible
fast camera brightness for varying neutral pressure for the two
scans included in this work (ID 1 to 4 and 5 to 10 in Table I).
Figure 5 corresponds to strong ELM-like pulse compared to
the gas background. The emission is always peaked at the tar-
get while the emission away from it increases significantly for
increasing pressure. At the two lowest neutral pressure set-
tings the plasma is in Stage 1, it is at an intermediate state
for ID7 (with a significantly lower emission in the volume
then the other higher pressure cases) while it then transition to
Stage 2 for ID8-10 in Table I. The brightness becomes more
homogeneous along the magnetic field for increasing neutral
pressure, reducing the relevance of the anisotropy. The emis-
sion at the peak initially increases with neutral pressure but, as
shown in the linear detail it then start to decrease, signalling
the start of the transition from Stage 2 to 3 (it must be noted,
though, that the peak region is effected by saturation). It will
be later shown that the peak plasma pressure does not signif-
icantly change in the transition from Stage 1 to 2, indicating
that the plasma is still attached during the ELM-like pulses. In
Figure 6 is shown the average of the brightness for the neutral
pressure scan with weak ELM-like pulses (ID 1-4 in Table I),
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meaning the pulses are weak compared to the baffling of the
background gas. Here we have the transition from Stage 1
(0.223 and 0.385Pa) to 2/3 (5.99Pa) and ultimately 3 (11Pa).
The same trend in Figure 5 continues here, with an even more
uniform light emission. Note that this dataset is unaffected
by saturation. The 5.99Pa case is indicated as Stage 2/3 be-
cause even if some emission comes from nearby the target,
that is significantly reduced compared to the Stage 1 cases,
and looking at the temporal evolution of the brightness the
pulse reattaches to the target only briefly. Later analysis will
show that with neutral pressure 5.99Pa no heating is delivered
to the target, typical of Stage 3 rather than 2, and the plasma
pressure loss is significant, indicating increasing levels of de-
tachment.

The distinction in stages helps to discriminate between
types of behaviour of the plasma and its influence on other
diagnostics and the power balance. Plasmas in Stage 1 are
typically correlated to low volumetric losses, high steady state
target temperature and measurable steady state plasma condi-
tions, as it will be clear from analysis of the IR camera and
TS data. In Stage 2 the target is cold in between pulses but a
significant heating can be provided transiently and volumetric
losses dominate as power loss mechanism. In Stage 3 the lack
of emission near the target coincides with negligible target
heating, significant plasma losses before reaching the OES/TS
location and an increased anisotropy in the plasma column.
As previously mentioned the emission is not homogeneous in
the whole target chamber. Strong emission is located close
to the target and even in the bulk there is a slight increase in
emission moving away from the target. The anisotropy in the
bulk of the target chamber, though, is weak and decreasing
for increasing neutral pressure. This observation will be used
in Section D5 to support the approximation that volumetric
power losses can be considered constant from skimmer to tar-
get.

IV. THOMSON SCATTERING

Thomson scattering measures the main plasma properties
(T¢, n.) and allows to determine the temporal evolution of the
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ELM-like pulse and the transfer of plasma energy from high
temperature to high density for increasing neutral pressure.
The data collected corresponds to plasma volumes along the
path of the laser beam. The lines of sight of the light collection
system are centred on the plasma column so data is collected
on the plasma above and below the plasma column centre.
These are averaged to return the radial profiles. A small time
difference between OES and TS is also present so the raw T,
and n, are resampled to match OES and smoothed to obtain
the temporal and radial profiles. In Figure 7 are shown typ-
ical 7, and n, from TS for experimental conditions in Stage
1, 2 and 3. On top is also shown the power dissipated by the
plasma source averaged over multiple ELM-like pulses and
aligned with TS. As aforementioned weak pulses are obtained
via a lower magnetic field and a lower energy of the pulse it-
self. The lower magnetic field causes the energy of the pulse
to distribute over a larger area and increase the surface of con-
tact between plasma and cold gas. The lower temperature and
density also causes the neutral mean free path to increase, al-
lowing them to penetrate deeper inside the plasma column.
For strong pulses 7, decreases while n, increases as the neu-
tral pressure and the amount of gas available to be ionised
increases. The steady state properties become undetectable
while the time corresponding to peak density shifts earlier in
time. For weak pulses and high neutral pressure peak density
is at even earlier times with a very low plasma temperature.

A comparison of the peak T,, n, and p, (= n.2T,/kp)
smoothed over 700us is shown in Figure 8. For strong pulses
T, decreases while n, increases as the neutral pressure and
the amount of gas available to be ionised increases. Only the
maximum neutral pressure achievable is high enough to cause
adecrease of n,, indicating that the plasma is starting to transi-
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FIG. 8: Comparison of plasma peak T, n, and p, smoothed
over 700us for a neutral pressure scan with strong pulses
(dashed lines, B=1.3T, pulse energy=48J), corresponding to
Figure 5 and weak (solid lines, B=0.6T, pulse energy=10.3J),
corresponding to Figure 6 (ID 5-10 and 1-4 respectively in
Table I)

tion to a detached state also during the ELM-like pulse. This
trend can be seen also in the static plasma pressure, that re-
mains at similar levels as the neutral pressure increases. If it
could have been further increased the plasma pressure would
have likely kept decreasing as both n, and 7, would. Similar
trends can be seen for weak pulses too, but n, starts decreas-
ing at much lower neutral pressure, indicating that it is easier
for the gas to dissipate the plasma energy. In the highest pres-
sure case the plasma is significantly depleted in the volume
before reaching the TS location, causing the TS measurement
itself to fail except at the very peak of the ELM-like pulse, and



not be representative of the whole plasma column. This situ-
ation corresponds to an ELM-like pulse in Stage 3 as defined
before.

In summary increasing the neutral pressure (ID 5-10 in Ta-
ble I) the plasma transitions from Stage 1 to Stage 2: the
energy losses before reaching the TS measuring location in-
crease but the ELM-like pulse energy is still enough to main-
tain the plasma pressure constant. Further increasing the neu-
tral pressure (ID 1-4 in Table I) the energy losses keep increas-
ing and n, as well as p, decrease transitioning to a detached
plasma in Stage 3.

V. IR CAMERA

The IR camera returns 2D temperature profiles of the target
temperature over time. Only 3 frames correspond to a single
ELM-like pulse so multiple pulses are overlapped and aver-
aged to increase the resolution aligning all pulses peak as done
by Li.!” To avoid being affected by thermal transients only the
last 150 of the 300 pulses within every scan is considered (see
Section C for details). From this data the time dependent peak
temperature and the shape of the effected region are extracted.
These are used to show that the ELM-like pulse energy deliv-
ered to the target decreases with increasing neutral pressure to
the point of being negligible therefore achieving the baffling
of the ELM-like pulse.

To estimate the energy delivered to the target the cooling
curve is fitted with an analytical solution of the heat transfer
equation. Various analytic solutions are available with dif-
ferent degrees of sophistication of the heat source time and
spatial profile. It’s important to keep in mind that the quantity
of interest is an estimation of the total energy density [J/ m?]
of the heat absorbed by the target from the ELM-like pulse.
The analytical solutions considered have the following power
density profiles in time and space:

Modell atemporally square wave delivered uniformly on a semi
infinite plane as described by Behrisch?®, commonly
used in tokamaks to asses the impact of ELMs because
of the large extension of the wetted area.

Model2 a temporally square wave delivered by a spatially Gaus-
sian beam using a solution from Biuerle?!* and

Model3 a temporally triangular wave delivered by a spatially

Gaussian beam using methods from Béauerle that better
reproduce the Magnum-PSI conditions.

All the above analysis methods return similar values for the
total energy density delivered to the target by each ELM pulse
(details of the the comparison of the various techniques are
given in Section C). The total energy delivered to the tar-
get by the ELM-like pulse is then obtained by multiplying the
peak energy density (Ep) by the affected area found by fitting
the temperature profile after the pulse with a Gaussian pro-
file. In Section C the MSC.Marc/Mentat® non linear FEM
suite was used to reproduce a heat pulse as close as possi-
ble to the typical experimental conditions in terms of tem-
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FIG. 9: Comparison of the measured and fitted time
dependence of the peak target temperature: (a) Stage 1 case,
(b) Stage 2 case (ID 5 and 10 in Table I respectively). The
black curve is the target peak temperature The green dashed
line (color online only) is the temperature fit using the entire
temperature curve. The red dashed line corresponds to fitting
the temperature only for the time after 1.5ms after the
temperature peak. The curve is then plotted over the entire
time domain using the fit parameters. In both cases the
analytical model used is Model3 (Equation C4 in Section C).
The fit parameters are shown in the figure legend.

poral and spatial variation and temperature dependent mate-
rial properties. It was found that fitting the temperature after
1.5ms from the peak temperature returns a value of energy de-
livered within £10% of the real one. It was also found that an
uncertainty of F1.5ms in the time corresponding to the tem-
perature peak translates to a +10% variation of the energy de-
tected. This translates to a total uncertainty from the method
of about £20%, good enough for our purposes.

Typical time dependent peak temperatures are shown in
Figure 9. The traces presents a sharp peak followed by a
slow cooling period. This fast peak can be caused by emission
from the plasma (prompt emission) or an actual temperature
increase of the target. For low target chamber neutral pressure
the peak temperature matches well with the analytical model:
sudden heating of a very thin layer of the surface of the tar-
get then the heat quickly redistributes over a larger thickness
and radius, being then more slowly dissipated to the actively
cooled back plate.!”-?3 In high neutral pressure conditions the
peak is still present but it is inconsistent with the following
slower cooling. The profiles are fit with Model3, fitting for
all times or only the time 1.5ms after the peak. For the Stage
1 case both fits return similar energy values and, most impor-
tantly, both fit well the curve for t>1.5ms. This is not the



1200

—— mean temperature peak + 10/11ms | 25
--- only steady state

0) [°C]
S
&
]

1]

1000

-
wu
=}

20

800 125

600 10.0

7.5
400

AT after ELM [°C]

5.0

200 25

Energy reaching the target

Temp before ELM-like pulse (T(t

0 2 4 6 8 10 12 14
Target chamber pressure [Pa]

FIG. 10: Results of analysis of the IR data for the variations
in target chamber neutral pressure. In this figure we focus on
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FIG. 11: Results of analysis of the IR data for the variations
in target chamber neutral pressure. In this figure we focus on
the case of weak pulses (10.3J at the source) and lower
magnetic field that yields lower plasma pressure background
plasma (ID 1 to 4 in Table I). Analyzed data displayed are
same as Figure 10.

case in Stage 2, where the fit for all time fails appreciably.
This demonstrate the inconsistency between the temperature
peak and the slowly decreasing curve in high neutral pres-
sure conditions. We attribute the enhanced peak to prompt IR
line or continuum emission from the plasma (some hydrogen
molecular lines lie inside the band allowed by the IR camera
filter>*). This is further reinforced by examining the spatial
temperature distribution at the peak compared to afterwards.
Further details on this and other aspects of the estimation of
the energy delivered to the target are given in Section C. The
OES could be used to differentiate between emission from the
plasma column and then reflected by the target or emission
from its immediate vicinity but because of the different wave-
length (3.97 —4.01um vs 0.32 —0.52um) a direct comparison
is not possible. In order to avoid possible misinterpretations
only the temperature after 1.5ms from the peak is used rather
than the peak itself.

In Figure 10, for strong pulses, and Figure 11, for weak

ones, are shown the results from the analysis of the target
temperature. In blue is indicated the temperature prior the
ELM-like pulse, that decreases for increasing target chamber
neutral pressure as it would be expected for increasing vol-
umetric losses in the target chamber and increasing level of
detachment in steady state. In red is indicated the average
temperature increase 10 to 11ms after the peak. This is done
to mitigate the uncertainty in the time of the real temperature
peak, hidden by the prompt emission for high neutral pres-
sure cases. This indicates that at low neutral pressure a large
portion of the energy of the ELM-like is absorbed by the tar-
get, while it is more and more dissipated in the volume for
increasing target chamber neutral pressure. In green are in-
dicated the results from the analytical model. In solid green
is indicated the energy absorbed by the target calculated as
mentioned above. In the extreme case of high target chamber
neutral pressure and weak ELM-like pulse shown in Figure 11
the energy delivered to the target is negligible, indicating that
the pulse was mostly baffled by the gas in the target cham-
ber. In dashed green is indicated the steady state component,
always relatively small. The energy delivered decreases with
fueling in a similar fashion as the temperature increase after
the pulse. Most notably the energy delivered is negligible for
the case with strongest baffling.

The thermal analysis allows to compare the heat fluxes due
to an ELM-like pulse in Magnum with Tokamaks. A metric
often used in Tokamaks to estimate effect of ELMs is the heat
flux factor, defined as the energy of the ELM divided by the
area in which it is delivered divided by the square root of its
duration. This metric is derived by the same analytic solution
for the temperature increase in Modell and is proportional to
the maximum temperature increase. The maximum heat flux
factor to prevent tungsten melting is ~50MJm2s~0-> while
~40MJm 25793 for the molybdenum target used here. The
limit to prevent cracking is about half of the melting one®
with some studies indicating it as low as 6MJm =25~ for
tungsten.?®

The heat flux factor obtained in these experiments was es-
timated using as pulse duration the integral of the power flow
from TS (assuming sonic flow and using the equation for
the convected power in Section D 5) divided by its peak. In
the strong pulses case the heat flux factor is decreased from
3.5 for p<6Pa to 2MJm 25~ for p>6Pa, while for weak
pulses from 0.4MJIm~25~%3 for P<3Pa to effectively zero for
P>3Pa. These heat flux factors are higher than what measured
in current tokamaks (< 1.3 for JET) but much lower than what
could be achieved in ITER (~600MJm =25~ for unmitigated
ELMs).5

In a tokamak the connection length is of the order of tens
of meters on the outer target and divertor neutral pressure can
reach the Pascal range?’. If the divertor is separated from the
main chamber by a baffle, meaning there is a physical bar-
rier between the divertor and the main chamber, the plasma
can plug the divertor entrance and the neutrals cannot freely
move between the two. The neutrals have to interact with the
plasma in the SOL and (in deep detachment) the ionisation
front, and the neutral pressure behind the ionisation front can
be increased by more than one order of magnitude compared



to that in the main chamber.?8- In these experiments the con-
nection length in the target chamber is 0.38m and the neutral
pressure up to 15Pa. Given the the energy delivered to the tar-
get by the ELM-like pulse is reduced with neutral pressure and
that tokamaks are characterised by potentially longer connec-
tion lengths and similar or higher neutral pressures behind the
ionisation front, this result implies that a significant reduction
of the heat flux factor in tokamaks should be possible thanks
to the cold regions forming close to the target when strongly
detached too. The reduction of heat flux factor and heat flux
to the target with pressure and connection length could be non
linear (see the higher pressure cases in Figure 10) but Fig-
ure 11 shows that transitioning from stage 2 to 3 via volumet-
ric losses should ultimately be possible. The viability of this
method to buffer ELMs will ultimately depend on the neutral
pressure required to achieve the needed buffering and its ef-
fect on the inter-ELM plasma. Configurations like the super-x
divertor could be the most suitable for this approach, as the
ionisation front could be maintained relatively close to the
x-point while a large volume with high neutral pressure can
be maintained in the super-x divertor chamber. Reducing the
ELM heat flux factor would improve the safety for long term
operations in a tokamak, further showing the benefit of baf-
fling and increasing the neutral chamber pressure in detached
scenarios.

In summary by increasing the target chamber neutral pres-
sure is possible to cause detachment of the steady state plasma
from the target surface. From the visible fast camera bright-
ness it is possible to identify 3 stages for the interaction be-
tween the ELM-like pulse and the background gas in the target
chamber. By increasing the neutral pressure more interactions
happen in the volume rather than in contact with the target,
and become more homogeneous. This is true up to Stage 3,
where the loss of plasma in the volume becomes dominant. A
regime was found for which the gas in the target chamber can
effectively prevent the ELM-like pulse to influence the target.
These results are obtained using one diagnostic at the time.
To gain more insight the OES data will be combined with TS
and the input power source measurement within a Bayesian
framework. The purpose is to identify which processes are
more relevant in the increase of removed energy in the vol-
ume for increasing level of steady state detachment, driven by
target chamber neutral pressure, and possibly their evolution
in time.

VI. ROLE OF MOLECULAR ASSISTED REACTIONS

In this section we describe an analysis technique that
merges information from different diagnostics on Magnum-
PSI data to gain more insight on the dominant atomic and
molecular processes during an ELM-like pulse. A significant
aspect of this analysis is the inclusion of the molecular species
Hy, H,™ or H™. These species interact with the plasma lead-
ing to the formation of excited hydrogen atoms, power and
particle sources/sink which have a significant influence on the
behaviour of deeply detached plasmas. Since the interaction
of these species with the plasma causes hydrogen atomic line
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emission they will be referred to as molecular precursors.

The ordinary method to infer the plasma properties from
Balmer emission lines is to consider that the emission from
higher-p H excited states is mainly generated via electron-ion
recombination (EIR), while the emission from lower excited
states is generated via electron impact excitation (EIE), and
molecular contributions are generally neglected for simplic-
ity. This normally allows to determine if the plasma is ion-
ising, recombining or in between.3!32. Under conditions like
those in this work, on the other hand, molecular contributions
can be significant.® Plasma molecular interactions lead to ex-
cited hydrogen atoms generally excited to low p levels, and
their distribution across p is similar to the one of EIE (see
Section VIB).

In order to find the set of plasma/molecule/atom charac-
teristics (T, e, Ny /Nes NH, [Ne, NH,, [NHy, - /RH,, ONE Of
these quantities is referred to as ®; while a set of 6 as ®) that
best match both the line emission (from OES) and the electron
temperature and density (from TS), a Bayesian approach is
followed. This allows the analysis method to pool together in-
formation from different diagnostics in combination with pri-
ors from simulations as well as reaction rates to find the best
match to experimental data and thus derive an understanding
of the dominant processes and effects on the energy and parti-
cle balance. The main advantage of this approach is that it can
not only account for all uncertainties and non linear rates, but
also allows calculating the probability density function (PDF)
of the quantities of interest. This implies that multiple non
unique solutions, if present, can be found.

Probabilistic approaches have been used before to infer the
full state of the divertor plasma in tokamaks but never during
the ELM burn through.?33 First, the parameter space of ©
is defined, forming a regular grid. The range and samples of
the ®; parameter are defined based on Thomson scattering and
other priors. Given a certain combination of parameters ® the
outputs of all the quantities of interest can then be calculated,
like line emission, power and particle sinks and sources, etc.
Those predicted observables can then be compared with the
priors to find the probability that the calculated values match
the expected ones. This comparison and the calculation of
the observables depend on the specifics of the problem and
the simplifications used. For the combination of parameters ®
the probability from the priors is multiplied with the probabil-
ity from the comparison of the calculated and measured line
emission, returning the likelihood of the particular ®. Start-
ing with this grid one can: add individual ® searching for the
maximum of the likelihood, or refine the grid further around
the best ®. A grid refinement is done here to retain a grid
structure and simplify the numerical problem, done just twice
to limit the computational cost and memory requirements. Af-
ter the quantities of interest like, for example, terms of the
power balance, can then be calculated for each ® and their
probability density function (PDF) found.

Section D5 gives the full list of assumptions used to sim-
plify the physics of the plasma of interest (from the target
skimmer to the target, see Figure 1). In short, the plasma is
considered homogeneous along its length (z) from the target
chamber skimmer to the target within each time step, and be-



ing poloidally (¢ in Figure 1) symmetric for a given radius
(r). This is supported by the relatively uniform visible light
emission far from the target found in Stage 1 and 2 in Sec-
tion III. This means that the ELM-like pulse is not localised
at a particular spatial location but happens along the whole
plasma column, matching well the fast nature of the trans-
port along field lines (~ sonic flow, < 20us to flow through
the target chamber) compared to the changes in plasma condi-
tions over time (changes well resolved with 50us time steps).
The conditions at the target chamber skimmer will be con-
sidered the input to the plasma column. The presence of im-
purities is monitored by a 6-channels Avantes AvaSpec-2048-
USM2-RM survey optical emission spectrometer covering the
range 299-950nm!> The spectrometer’s channels LOSs are in
the target chamber and impurities like metals from the power
source or oxygen from cooling water are only detectable in
significant amounts when the plasma source fails. This shows
that impurities from the source are ordinarily efficiently re-
moved in Magnum-PSI by differential pumping. Carbon can
play a significant role when graphite targets are used®®, but
this is not a concern in these experiments a TZM target was
used.

The integral over the ELM-like pulse of quantities of inter-
est, like terms of the power balance, are obtained by summing
the contribution from each time step and radial location. In
the following section we will explain the method used to de-
termine the probability associated with an output at a given
time and radial location.

A. Analysis steps

We will describe here in more detail the steps to first initial-
ize the paramenter space based on TS and other priors (Sec-
tion VI A 1). Then we will show how to compare the modelled
quantities and TS with the priors to obtain the probability of
each O (Section VI A 2). Lastly the comparison with the mea-
sured Balmer lines emission, grid refinement process and de-
termination of the quantity of interest PDFs will be illustrated
(Section VI A 3). The numbering of each step corresponds
with the numbers in the boxes in Figure 12, 13, 14.

1. Parameter space initialisation

Our Bayesian analysis first finds the range of parameters to
utilize. This is shown in Figure 12. Every point in time and
radius (¢,r) during the ELM-like pulse is considered indepen-
dently. Referring to Figure 12 the meaning of the steps are as
follows:

1,2 Thomson scattering ne(nt), To(rt):
The measured 7, and n, and their uncertainties are used
to specify the range and grid elements of 7, and n,.
From every T,,n, combination the samples for the other
®; are calculated.

4 B2.5-Eunomia ng [ne(nt), nm, /ne(nt):
We utilize B2.5-Eunomia simulations, a multi-fluid
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FIG. 12: Sketch illustrating how the initial guess of each
parameter ©; is done. With /ink are marked items that link
different parts of the global bayesian routine together.
measurement indicate quantities measured experimentally
and external input represents inputs from simulations or
reaction rates libraries.

plasma code coupled with a non-linear Monte Carlo
transport code for neutrals’’%, to determine scalings
for ny, and ny with T,. We utilize these scalings to ob-
tain ranges for ny, /n. and ng /n. (see Section D 1 and
D3).

3 B2.5-Eunomia  Ty(nt),
Ty-(rt) —2.2eV], Ty+:
Similarly, values of Ty, Ty, and Ty+ are extracted
from B2.5-Eunomia simulation scalings with T,.
Given the molecular precursor H," is predominantly
generated from H, it is assumed that Ty, = Ty,+- In
the creation of H~ from H, the ion can get some of
the Frank-Condon energy of the H> bond (2.2eV per
nucleon). For this reason 2.2eV are added to Ty, to
estimate Ty - 34 (see Section D 1).

Ty ()= Ty+(nt) =

5 AMJUEL ny- [ng,(nt), nH2+/nH2(r,l):
Hy" /H, and H™ /H, density ratios are calculated from
the AMJUEL collection of cross sections, reaction rates
and ratios**? to determine the ny- /ny, and Ny, + [y
ranges used as priors (see Section D 2 and D 3).

2. Prior probability distribution

Once the initial parameter space is determined the prior
probability distribution is calculated. The process for this is
shown in Figure 13 and the meaning of the steps is as follows:

7 ADAS colisional radiative model (atoms):

The ADAS collisional radiative model*>* is used
to calculate the line emission (see Section D4), the
power losses (see Section D 6) and the particle balance
sources/sinks (see Section D 7) due to atomic processes.
The reactions considered and relative coefficients are
indicated in Table II. This type of analysis is fairly stan-
dardised, see for example®.
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Yacora collisional radiative model (molecules):

The Yacora collisional radiative model*®*7 is used to
calculate the line emission due to molecular precursors
via the population coefficients (see Section D 4) and the
radiative power losses (see Section D 6). The molecular
precursors that will be utilized in this analysis are H>,
H>* and H~ based on the work by Verhaegh*® (see the
reactions in Table III). Hz* could also be considered,
but its relevance is expected to be much lower than that
of H,™ and H™ so it is dropped to limit the number of
variables.*3.

9 AMJUEL/Janev reaction rates (molecules):

The AMJUEL database and a collection of reaction
rates from Janev® is used to calculate the rate of reac-
tions involving molecular precursors (see Table IV, V).
The reactions rates are use then to calculate sources and
sinks in the power and particle balance in the plasma
column (see Section D6, D7)

19 Global power input from plasma source:
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The power input from the plasma source is calculated
from the measurement of voltage and current on the
plasma source. From a study by Morgan'*, 92% of the
electrical energy is transferred to the plasma during an
ELM-like pulse. This value will be considered valid for
each time step.

ne(r,t), T,(r,t) (TS) at lowest target chamber pressure:

It is assumed that for the lowest pressure case the inter-
actions between the plasma column and the background
gas in the target chamber are negligible, therefore they
represent the input conditions for all cases that differ
only by the target chamber neutral pressure. They are
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referred to as ne iy, T¢.in and used to determine the input
power and particle profiles (see Section D 5).

Power balance for all r — viy:

Assuming that the plasma flows from skimmer to
target with the same Mach number (M;,(¢)) across
different radii it is possible to relate the total
input power (Pyource(t)) with the input conditions
(Ne,in(r,1), T, in(r,)). It is then possible to determine
M;,(t) and then v;,(r,7). See Section D 5 for details.

22 Power input from plasma source:

The maximum power input is calculated as the en-
ergy flow due to a plasma in the input conditions
(Ne,in(r,1), T, in(r,1)) at flow velocity viy(r,¢) plus the
the energy associated to the depletion of the plasma
at the specific neutral pressure of the experiment
(ne(r,t),T,(r,t)) in one time step. See Section D 6 for
details.

20 Particle input from plasma source:

Similarly to the previous step the maximum particle in-
put is obtained as the input particle flow using n, j,, (7,7)
and v;,(r,t) plus the particle flow associated with the
dissipation of the plasma at the specific neutral pressure
of the experiment (n.(r,#)) in one time step. See Sec-
tion D 7 for details.

10 Power losses model.:

The power losses in the annular section of the plasma
column of interest are modelled as per Section D 6. The
effect of impurities is not considered, as it is assumed
that most of the impurities introduced by the plasma
source anode and cathode are removed by differential
pumping in the source and heating chamber.



12 Modelled plasma radiative power losses:

11

23

15

The total radiated power from the plasma column is cal-
culated. For atomic processes ADAS coefficients are
used. For molecular processes Yacora coefficients are
used, summing the line emission for all possible tran-
sitions (the highest excited state considered is p=13).
It is not considered the radiation caused directly by
Hy,Hy" ,H™ excited states, as it should have a negli-
gible contribution.>

Modelled plasma total power losses:

The total power losses are obtained by adding: total ra-
diated power losses, net difference of potential energy
from reactants to products and energy loss attributed to
the heat carried away from the neutral produced by re-
combination. This terms and their components are part
of the outputs of the Bayesian analysis.

Compare power:

The modelled net power losses are compared to the
power input previously inferred. The net power losses
have to be between 0 and the power input. The prob-
ability that this is the case is calculated as shown in
Section D 6 and is one component of the prior density
distribution.

Farticle losses model:

The particle sink-sources terms are modelled as per
Section D7. We neglect cross field transport when
analysing the particle balance. Given the difficulty of
accounting for cross field transport only the particle bal-
ance of the charged particles (e~ ,H™,H,", H™) that are
bound by the magnetic field is operated.

16 Modelled plasma total particle losses:

17

13

14

The net particle sink is calculated for e~ , H™,Hy*, H™).
These terms and their components are part of the out-
puts of the Bayesian analysis.

Compare particle:

The modelled net particle losses are compared to the
particle input previously inferred. Bounds for physi-
cal values of the net particle losses are obtained from
the particle input previously inferred as detailed in Sec-
tion D7. The probability that the particle sinks are
within the bounds is calculated and their log-probability
summed.

I p):

Within the power losses model the total density of ex-
cited states is calculated. ADAS PEC coefficients are
used for atomic processes while Yacora coefficients are
used for molecular, summing the density for all excited
states.

Compare Xny ) < ng:

It is checked that the total density of excited states is
lower than the density of atomic Hydrogen. At the tem-
perature of interest in this work the density of excited
states is always a small fraction compared to the ground

13

Thomson 1
l scattering
3 (). T,
Full plasma
Grid parameters space
refinement
ADAS collisional 7
A radiative model (atoms)
10
Power losses Yacera collisional &
P" 5 model radiative model (molecules)
rior
probability l 5
distribution 4
Modelled Iin%eB reaction rates (molecules)
Log emission
probabilities Balmer2®
lines e(r.t) measurement
33 —
=4-82
Likelihood © b external input
A Abel inversion 30 | | Bayesian output
(brightness to -
emissivity) link

B BT

-
<

Log-probabilities
y o9 "> Compare™-.
-~ A
~._ sum - ~._emissivity -
~ ~ 2
~ ~

35 36
Quantity of Quantity of
interes PDF interest

FIG. 14: Sketch illustrating how the likelihood distribution is
determined comparing the line emission with the expected
values and adding the prior log-probability, to refine the
parameter grid and calculate the outputs PFD.

state, so a probability of 1 is assigned if the condition is
respected and O otherwise.

24 Compare n,, T,:
The measured 7, and 7, and their uncertainties are used
to assign the relative probability on the n, and 7, axis
of the parameter space, uniform on the others.

25 Compare ny [ne, np, [ne:
The previously mentioned scalings from B2.5-Eunomia
simulations are used to assign weakly varying probabil-
ities on the ng /ne, ny, /n. axis of the parameter space,
being uniform on the others, as indicated in Section D 1.

26 Log-prob sum:
The log probability from the particle and power bal-
ance, amount of Hydrogen excited states, TS and B2.5
Eunomia are summed to return the Log-probabilities for
the entire parameter space.

3. Bayesian analysis

The expected value of the Hydrogen line emissivity is then
compared with the measured one, and the resulting probability
combined with the prior to return likelihood, also referred to
as the sum of the Log-probabilities. The grid is refined twice
around the regions of the grid with high likelihood to improve
the resolution of the probability distribution. While keeping a
grid structure requires a large amount of memory the numeri-
cal procedure is relatively simple. This procedure is shown in
Figure 14 and the meaning of the blocks here introduced is as
follows:



29 Balmer lines €(r,)(p=4—8 = 2):
The Balmer line emission for transitions (p =4 — 8 —
2) is measured with OES (see Section II B 1). The cam-
era has a rolling shutter so it is necessary to decouple
the line of sight from the time information, as detailed
in Section A and B.

30 Abel inversion (brightness to emissivity).
Once the brightness per time step and line of sight is
obtained an Abel inversion is operated (see Section B).
The process converts the line integrated information to
the local emissivity assuming poloidal symmetry and
the plasma optically thin.

28 Modelled line emission:
As part of the power losses calculation the line emis-
sion from atomic and molecular processes the total line
emission for the lines of interest (p =4 —8 — 2) is
found (see Section D 4).

31 Compare emissivity:
The modelled line emissivity is compared to the mea-
sured one to return the probability that each combi-
nation of priors generated the measured emission (see
Section D 4).

32,33 Likelihood:
The likelihood for every point of the parameter space is
found adding the log probability from the prior and the
comparison of the calculated emissivity with the mea-
sured one.

34 Grid refinement:

To increase the resolution in the region of the param-
eter space with high likelihood, the grid is refined by
adding intermediate steps to the grid elements previ-
ously defined for every axis around the marginalised
likelihood peak. The grid structure is maintained but
it becomes non uniform. The prior probability distri-
bution and comparison with measured emissivity is re-
peated to recalculate a new likelihood distribution. This
loop is repeated twice to limit the computer memory
requirements.

35,36 Quantity of interest PDF:
The quantity of interest for the plasma column power
or particle balance have already been calculated for all
the parameter space within Section VIA 2. In order to
reduce the size of the outputs the full range is reduced
to a smaller number of intervals and the likelihood is
summed within each interval.

Once the PDFs for a quantity of interest in all radial and
spatial locations are determined they are then convolved over
radial steps, to obtain the total over the plasma column, and
then in time over the ELM-like period to obtain the global
quantities (see details in Section D 8).

When a reaction occurs, energy is transferred between dif-
ferent species (e.g. plasma to molecules or atoms). If charged
particles are created they are bound by the magnetic field and
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are confined to the same radial section of the plasma column.
When neutral hydrogen atoms and molecules are generated
they can escape the plasma column, carrying with them their
kinetic energy. They can also interact with plasma at a differ-
ent radii on the way out and transfer the energy back in the
plasma.

To model the transfer of energy to the neutrals and back
to the plasma would require an effort beyond the scope of
this work, so for now this component is not considered in the
power and particle balance and only hyrdrogenic radiation is
considered as net power leaving the plasma column. For more
details see Section D 8.

It is important to address whether ignoring the power re-
moved by the plasma column (and possibly transferred back)
due to charge exchange (CX) and elastic collisions between
Hy and H" (H, elastic) is important and compatible with the
Bayesian algorithm results. To estimate CX and H, elastic
power losses we post-process our results as shown in Sec-
tion D 6. The same methodology was employed to reprocess
B2.5-Eunomia results, and it returned a CX contribution be-
tween a 1% and 150% and H, elastic within 18% and 34% of
the correct (self consistent) values. In one instance, the sim-
plified method produced a factor of 100 larger CX losses com-
pared to B2.5-Eunomia result. It is observed that in this case,
with both high temperature and density, a large fraction of the
CX losses are recovered by fast neutrals exchanging back to
the plasma their energy before escaping the plasma column.
This behaviour can be captured by the Monte Carlo model but
not by this simplified method. With these very large uncer-
tainties it is possible to say that CX is likely more important
than H, elastic for ELM-like pulses, contrary to what shown
in3°, but the relevance for the plasma column energy balance
is uncertain and would require a more detailed analysis, out of
the scope of this work.

B. Analysis limitations due to restrictions on measured
Balmer lines

While it is in general desirable to measure as many transi-
tion lines as possible, it became apparent during the setup of
the experiment that the Ha line (p = 3 — 2) could not be mea-
sured simultaneously with lines p > 4 — 2 due to the grating
used. We describe herein how the lack of the Hx line prevents
the separation of the line emission contribution from H,™* and
H™ precursors.

As areference, Figure 15 shows the density ratio of excited
states produced by different processes with respect to p=4 for
typical T,,n, values. Restricting Balmer lines to n > 4 — 2
recombination, H> T mutual neutralisation and EIE have a dis-
tinctively different profile while H,™ dissociation, H; disso-
ciation and H' mutual neutralisation are fairly similar. H»
dissociation is usually not problematic because the H, density
required to match the measured emissivity is excessively high.
Conversely, H,™ dissociation and H™ mutual neutralisation
can be caused by relatively low molecular precursors densi-
ties, making it difficult to distinguish which caused the emis-
sion. This could have been alleviated by including p =3 — 2
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H(q)+e ™ =H(p>q)+e™
H,* dissociation (Yacora)

10! Hy* +e~>H(p) +H* +e~
H, dissociation (Yacora)
s Hy+e ™ =H(p)+H(1)+e"~
éﬁ H* mutual neutralisation (Yacora)
= H* +H~>H(p)+H(1)
3
X ]_00 H,* mutual neutralisation (Yacora)
< Hy* +H™-H(p) +H,
107!

H excited state p

FIG. 15: Density ratio of hydrogen excited states to p=4 for
different processes for typical T, = leV,n, = 4- 10>'#/m?
plasma. The similarity of the profile shape for Hy™
dissociation and H™ mutual neutralisation is maintained for
all the T,,n, range of interest.

in the analysis’ but this was not possible with the available
gratings. Figure 15 illustrates that with the present setup, us-
ing only the line ratios available is insufficient to distinguish
which molecular precursor, H,™ or H™, is dominant. This
could be alleviated by combining matching line intensities
with other conditions as described in Section VI A, as it can
help rule out regimes that can well match the emission profile
but would be unphysical.

The results of this study and the relevance of molecular in-
teractions during the ELM-like pulse will now be shown.

C. Bayesian analysis results

In this section the results from the Bayesian analysis will be
presented. The only show results regarding the strong pulse
cases, since the temperature and density falls below the detec-
tion capabilities of the TS system for a significant fraction of
the duration weak pulses.

1. Power balance

As explained in Section VI A 3 the results at each time and
radial location are a collection of PDFs for the quantities of
interest in the volume from target skimmer to target, like the
power radiated via EIE. The temporal and spatial distribution
of the most likely values can already be useful, as they can in-
form on the conditions in which some phenomena are impor-
tant. Our inference show that ionisation and excitation tend
to be more important close to the axis of the plasma column,
where and when temperature is highest, but are not peaked
on the axis as the atomic hydrogen density profile is hollow.
Radiation from recombination is strong for high density and
intermediate temperature. Radiation from EIR is strong for
high density and intermediate temperature. Radiation from
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FIG. 16: Most likely values of the radiated power via EIE (a),
recombination (b) and molecular processes (c) for the same
conditions of Figure 7b, ID 10 in Table I. The noise shown in
these figures arise from the fact that the analysis is
independent for each radial and temporal location (no
regularisation applied).

excited H atoms (H*) generated from plasma molecular reac-
tions (PMR) is present at similar times and locations as EIR
but is significant up to even larger radii (and lower temper-
atures) than EIR. This is shown for ID 10 in Table I in Fig-
ure 16.

The PDFs are convoluved over the radial direction to inte-
grate the parameter of interest on the radii. An example of the
radial convolution of the power radiated from EIE at 0.4ms
for ID 5 in Table I is shown in Figure 17. It can be noted that
some PDFs, for example at r = 11mm, show multiple peaks.
This indicates that multiple possible combinations of the pre-
cursors densities with similar likelihood have been found.

The evolution over time of the terms of the local the power
balance, as per Section D 6, are shown in Figure 18 for the
lowest and highest pressure cases. In Figure 18a is shown
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FIG. 17: Example of the radial sum of the power radiated via
excitation for ID 5 in Table I at 0.4ms. Only the radial
locations that are more relevant are here shown. The power
density (W/ m?) at each location is multiplied by the volume
it pertains to determine the x coordinate.

that the energy of the ELM-like pulse is almost entirely used
for ionisation, dissociation and molecular processes (MAD,
MAI) increasing the plasma potential energy. However these
ions recombine at the target, meaning that a larger fraction of
the pulse energy will be able to reach the target, and in fact for
this condition the target receives the most heat. The net power
sink from the plasma is slightly larger than the input energy
after its peak. This can be understood as there is no mecha-
nism to enforce a global power balance since the analysis for
every radial and temporal location is independent. The radi-
ated energy is mostly due to EIE, that is to be expected due to
the high temperature. After 0.6ms the temperature decreases
below 4eV and the radiative and potential energy losses to the
plasma from MAI/MAD and dissociation increases. In Fig-
ure 18b the peak in power input corresponds with the peak
of the influence of molecular precursors rather than ionisation
(due to the lower temperature) and, most importantly, there is
a strong influence of recombination, especially after the input
power and temperature peak. This counter balances the power
losses such that after 0.4ms the net power sink on the plasma
is negligible.? The period of peak radiative losses now coin-
cides with the peak in EIR. More energy is radiated then be-
fore and recombination in the volume means that the plasma
is depleted before reaching the target. The radiative losses are
on the expenses of the plasma potential rather than its ther-
mal energy. This causes a reduction of the heat flux just like
in deep detachment, matching with the results in Section V.
EIR dominates the path to radiative losses but the influence
of molecular reactions increases. For higher neutral pressure
(Figure 18b) the peak in power input corresponds to the peak
of power loss from molecular reactions rather than ionisation
(due to the lower temperature) and most importantly, after the
input power and temperature peak, there is a strong influence
of EIR. Radiative losses and potential energy gains balance
such that after 0.4ms the net power sink on the plasma is
negligible.3? The period of peak radiative losses now coin-
cides with the peak in EIR. More energy is radiated then be-
fore and recombination in the volume means that the plasma
is depleted before reaching the target. The radiative losses are
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FIG. 18: Stacked area plot of the most likely values for the
terms of the power balance as per Section D 6 for the lowest
(a) and highest (b) pressure conditions for strong pulses. The
data below zero corresponds to energy that released by
recombination reactions heating the plasma. The potential
energy from interactions with molecules is split in its positive
and negative components. As molecules is here intended any
reaction different with exchange of potential energy different
to EIR and ionisation. volume sinks-sources corresponds to
the the net local power balance while removed from plasma
indicates the contribution to the plasma column power
balance as per Section D 8. The colors in the legend of (b)
apply to both plots.

on the expenses of the plasma potential rather than its ther-
mal energy. This causes a reduction of the heat flux just like
in deep detachment, matching with the results in Section V.
EIR dominates the path to radiative losses but the influence
of molecular reactions increases. These results are quite sim-
ilar to recent studies of detachment in medium size tokamaks
including molecular precursors.*8-!

The PDFs at each time are further convolved multiplying by
the time interval they refer to, returning the total for the quan-
tity of interest over the entire ELM-like pulse. In Figure 19
is shown how the total energy radiated by the plasma changes
with target chamber pressure. As the target chamber pressure
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FIG. 19: Energy dissipated radiatively per mechanism for
increasing neutral pressure (ID 5 to 10 in Table I) obtained
with the Bayesian analysis.

is increased (Stage 1 (P<2Pa) to 2 (P>2Pa)) the dominant
process changes from EIE to EIR and the impact of molecules
increases reaching up to ~1/3 of the total radiated power. This
is also reflected in the total radiated power in the visible wave-
length range (not shown): in Stage 2 it is 3 times higher than
in Stage 1, 0.3J and 0.1]J respectively (the Lyman series is al-
ways responsible for most of the power radiated), largely due
to the increase of EIR importance. This is not as a dramatic
increase as observed in Figure 5, implying that the extrap-
olated Ho emission, from our inferences, is overestimated.
This could imply an overestimation of molecular assisted re-
actions could be in Stage 1 (visible radiated power losses due
to EIE are 0.005-0.01J in for ID 5 and 6 in Table I respectively,
with a better agreement with Figure 5). An overestimation of
H o can also arise from an (over)underestimation of (H ~)H,",
changing the H /H« ratio as shown in**. Among radiation
due to molecules the precursor that is more important is H .
This would be against results from previous analysis that show
a dominance of the H, ™ precursor6 but, as mentioned in Sec-
tion VI B, the radiation from H, " dissociation and HT mutual
neutralisation has similar line ratios for the lines used in this
study, so cannot be distinguished with certainty.

In Figure 20 are shown the variation of the terms in the
global plasma column power balance with target chamber
pressure. The energy absorbed by the target was determined
in Section V. The estimation of CX and H; elastic collisions
is as per Section D 6. The two terms are already multiplied
by the corrective factors found by comparing their simpli-
fied model with B2.5-Eunomia, identified in Section VIA 3
(CX and H> elastic collision losses from B2.5-Eunomia be-
ing 1-150% and 18-34% respectively compared to the simpli-
fied estimate). The radiative energy losses increase with tar-
get chamber neutral pressure, up to ~1/3 of the input energy,
while the energy to the target decreases. This transition cor-
responds to the transition between Stage 1 and 2 introduced
when analysing the visible fast camera brightness. H, elas-
tic losses are of the same order of magnitude as radiative and
target losses, while CX has a very large range from zero to
one order of magnitude higher than P,,. These losses are here

17

— Ei Ecx
400 + Eradiated ﬂ:_ EH;eJ’astic

Etarget
200 ~

A

80#% £

Energy [J]
Y (=]
o o

)
o
L

0 2 4 6 8 10 12 14
Target chamber pressure [Pa]

FIG. 20: Results from the Bayesian analysis for strong
ELM-like pulses with increasing neutral pressure (ID 5 to 10
in Table I). Total energy input (blue), energy removed from
the plasma column (approximated with the hydrogenic
radiative losses, red), energy absorbed by the target from IR
camera analysis in Section V (orange), estimated maximum
energy removed from CX (gray) and H, elastic (black)
collisions. CX and H, elastic have already been multiplied
by the corrective factors found in Section VI A 3 by
comparison with B2.5-Eunomia.

only estimated. Subtracting the radiative losses from the in-
put energy returns much more than the measured target flux,
allowing for other loss channels like CX, H, elastic collisions
or the losses associated with plasma surface interactions, that
are here not inferred. The CX losses increase from half to one
order of magnitude higher than the input energy with pressure.
Conversely H; elastic energy losses are about the same order
of magnitude of the input energy. Applying the corrective fac-
tors obtained reprocessing the B2.5-Eunomia results (CX 1-
150% and H, elastic 18-34% of estimate) we obtain the data
in the figure: H, elastic losses become of the same order of
magnitude as radiative and target losses, while CX has a very
large range from zero to one order of magnitude higher than
P,,. This losses are here only estimated. Subtracting the radia-
tive losses from the input energy returns much more than the
measured target flux, possibly explained by other loss chan-
nels like CX, H, elastic collisions or the losses associated with
the region with strong plasma surface interactions at the tar-
get, that is here not modelled. From this very crude balance
it seems that losses due to radiation and energy transfer to the
target can account for about 1/3 of the input energy and H;
elastic collisions for another 1/3. From fast camera observa-
tions, for high pressure conditions the energy dissipated at the
target could be less relevant, leaving more room for CX losses,
while the opposite for low pressure.

From this very crude balance it seems that losses due to ra-
diation and energy transfer to the target can account for about



1/3 of the input energy and H; elastic collisions for another
1/3. From fast camera observations, for high pressure condi-
tions the energy dissipated at the target could be less relevant,
leaving more room for CX losses, while the opposite for low
pressure.

2. Particle balance

During the experiment there was no direct measurement of
any part of the particle balance, so it is not as well constrained
as the power balance. Nevertheless thanks to the assumptions
and approximations in Section D5 it is possible to perform
a rough particle balance on the plasma column. Only the
charged particles’ particle balance is utilised, as only these are
confined to a certain poloidal location by the magnetic field.
Only H",e™ are introduced by the plasma source, using the
flow velocity estimated from the power input in Section D 5.
The volumetric particle sources and sinks are calculated to-
gether with the power ones and the target particle losses are
treated as an unknown in a similar way as in the power bal-
ance. To calculate the prior probability, the balance on H™
and e~ has a large uncertainty, as the plasma can potentially
accumulate in the plasma column, while the balance on Hy™
and A~ has a smaller uncertainty due to their short lifetime.
More detail on the particle balance is given in D 7.

The procedure to convolve the data from time and spatial
dependent PDFs to a global one for the whole pulse is the
same as previously mentioned for the power. In order to better
understand the influence of molecular reactions on the plasma
the individual reaction rates are divided in MAR, MAI and
MAD. These are defined as the paths composed of a first re-
action that converts a neutral specie (H,, H) into a molecular
precursor (H,™, H™) then a second one where the precursor
is used. The final result of the two reactions combined can ei-
ther be the recombination of the plasma that participated to the
reactions (MAR) the ionisation of the original neutral (MAI)
or the dissociation of H, (MAD). Here paths that cause ion-
isation or recombination and dissociation are not accounted
in MAD to avoid double counting. All of the possible com-
binations of reactions that achieve the mentioned goals via
a molecular precursor are added together to form the MAR,
MAI and MAD rates.>*

The particle balance on the plasma is shown in Figure 21.
The particle balance on the plasma is shown in Figure 21.
Here are shown the plasma particle input, constituted by the
source, the ionisation source and the recombination sink. MAI
increases at lower pressure but is not very important represent-
ing a small fraction of the total ionisation. With the considered
reactions H, ™ is the only precursor that can cause MAIL. MAR
increases with pressure, but it dominates at low pressure (high
temperature), and amounts to ~1/3 of the total plasma particle
sink at high pressure (low temperature). It is mainly due to the
H™ precursor.

An important observation is that for low pressure conditions
the ionisation source is higher than the estimated particle in-
put from the source. The main difference between linear ma-
chines and tokamak divertors is that in a divertor, especially
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FIG. 21: Plasma particle balance on the plasma column from
the Bayesian analysis for strong ELM-like pulses with
increasing neutral pressure (ID 5 to 10 in Table I). Total
particle input from the plasma source estimated from

Section D5 and D7 ((nv) y+ ;). Number of plasma particles
created during the duration of the ELM-like pulse by type of
reaction. MAR and MALI are defined as ensemble of multiple
reactions that, starting from neutrals, first create a molecular
precursor (H, ™, H ™) then further react with the end result of
the two consecutive reactions being plasma recombination or
ionisation respectively.>* We note that there can be a
discrepancy between netHt and nete™, wich appears to be an
analysis artefact.

in high recycling, most of the particle source for the plasma
comes from the recycling neutrals while the upstream plasma
acts as the energy source. Conversely in linear machines the
external source usually dominates. For low pressure condi-
tions this does not happen here. If the neutrals predominantly
come from plasma recycling at the target surface, this might
be evidence of recycling in a similar fashion as in a tokamak.
The lines in Figure 21 indicate the net balance of protons and
electrons in the plasma column. This is in agreement with the
analysis in Section VIC 1, as for low pressure the thermal en-
ergy is converted to potential increasing the plasma flow (and
density) while for high pressure the plasma is depleted in the
volume leading to lower target heat flux, as shown in Sec-
tion V. Figure 21 shows a decrease in net balance of protons
and electrons in the plasma column (netH ™ and nete™) for in-
creasing neutral pressure due to a transition from an ionising
to a recombining plasma. This is in agreement with both the
analysis of power losses as per Section VIC 1 and the target
heating analysis shown in Section V. The potential energy ex-
changes in the plasma like ionisation, dissociation, MAI and
MAD are important to lower the plasma temperature enough
for MAR and EIR to become important and reduce the particle
flux to the target. MAD is more efficient that electron impact
dissociation (EID) in converting H, to H and MAR can ef-
fect the plasma at higher temperature than EIR, therefore the
inclusion of the chemistry from H, " and H~ is important in
describing the ELM burn through processes.

The particle balance for atomic hydrogen is shown in Fig-
ure 22. It must be kept into account that this balance is not
directly constrained and that transport is not considered, so
the balance is very tentative. Hydrogen from molecular reac-
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FIG. 22: Atomic hydrogen particle balance on the plasma
column from the Bayesian analysis for strong ELM-like
pulses with increasing neutral pressure (ID 5 to 10 in
Table I). It is assumed no atomic hydrogen enters the plasma
column from the source thanks to differential pumping so
only volumetric sources/sinks and interactions with the
surface (not inferred here) are possible. Number of particles
created during the duration of the ELM-like pulse by type of
reaction. MAD is defined as ensemble of multiple reactions
that, starting from neutrals, first create a molecular precursor
(H,™, H™) then further react with the end result of the two
consecutive reactions being exclusively H, dissociation.*

tions, and MAD within it, represent the largest contribution
to the source. Considering also that MAI is less then 10% of
MAD reaction rate, this means that most of the power losses
due to molecules in the local power balance (Figure 18) are
due to MAD. Molecular reactions are responsible (integrating
the local power balance) for about half of the potential energy
exchange while up to a third of the radiative power losses.
Molecular reactions seem to not have a strong impact in the
plasma particle balance while dominate the neutrals particle
balance.

It must be noted that impact of molecular reactions on the
particle balance, radiated power and potential energy is heav-
ily dependent on the rates used. For this work the Yacora rates
have been used to determine the radiative power losses due to
molecular precursors. To determine the reaction rates and the
potential energy losses other rates from AMJUEL and Janev
have been used, with no guarantee of the consistency with Ya-
cora (in terms of approximations used, consideration of differ-
ent ro-vibrational states for H, and H, " and other parameters
used in the collisional radiative codes). For typical plasma
conditions in this study (7, = 2¢V, n, = 1021#/ m3), the aver-
age radiative power losses per molecular reaction are:

s Hy"+H™ — H(p)+H,:0.17eV
*HY+H —H(p)+H:82V
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* " +e — H(p)+H(1)and
Hy"+e” = H(p)+H"+e :0.72eV
e Hy+e” — H(p)+H(1)+e: 0.026eV

The molecular rates are less established then atomic ones, so
these numbers can change and significantly effect the power
balance.

In low pressure conditions volume recombination is negli-
gible and the vast majority of atomic hydrogen is produced
by volumetric dissociation of H,. Here the total volumet-
ric source is higher then the total number of hydrogen atoms
present in the target chamber before the ELM-like pulse and
the neutrals that can be produced by surface recombination
at the target (see Figure 21). This points to the source being
over estimated, that can be expected being H> and H parti-
cle balances not constrained. Both the hydrogen in the target
chamber before the pulse and the possible neutrals generated
at the target are larger then the volumetric ionisation sink. It is
therefore unclear if what observed at low pressure is evidence
of recycling or just dissociation and ionisation of a significant
fraction of the gas in the target chamber.

The results from particle balances are here tentative and ob-
tained with strong approximations, so further investigations
will be necessary to better understand the respective roles of
the various sources and sinks.

Vil. SUMMARY

The effect of ELM-like pulses on a detached target in
Magnum-PSI was studied with the help of various diagnos-
tics. It was found that the ELM-like pulse energy can be effec-
tively dissipated through high level of detachment before the
ELM energy reaches the target. The decreasing power reach-
ing the target is inferred to be due to higher volumetric power
losses in the volume between target and source. The volu-
metric power losses, inferred from the visible light emission,
for low neutral pressure are fairly constant along the mag-
netic field, presenting a strong peak close to the target due
to plasma surface interactions indicating an attached plasma.
The volumetric power losses become more uneven along field
lines as neutral pressure is increased, with the region close
to the target decreasing its brightness and expanding towards
the plasma source. This change is correlated with increased
loss of plasma before reaching the measuring location. This
behaviour can be divided in stages. In Stage 1 the plasma is
attached before and during the ELM-like pulse and the energy
losses in the volume are at a minimum and predominantly not
radiative. In Stage 2 the target chamber neutral pressure is
such that the plasma is detached from the target in steady state
but can reattach during the ELM-like pulse, and energy losses
in the volume increase. Detachment during the steady state
is correlated with a strong increase of the visible hydrogenic
line emission, similar to what inferred from simulations.'! In
Stage 3 the plasma is detached before and during the pulse
and the losses in the volume are such that the plasma cannot
reach the target.



The power delivered to the target by the ELM-like pulse is
independently calculated by measuring its temperature via an
infrared camera. This dataset shows a reduction of the power
to the target in agreement with the progress in stages. In the
most extreme cases the power is not detectable, meaning the
energy of the ELM-like pulse is completely dissipated in the
volume. For the neutral pressure scan with strong pulses the
heat flux factor, a metric often used to qualify the damage to
the target given by ELMs pulses in tokamaks, is decreased by
about half with increasing neutral pressure, becoming negligi-
ble at high pressure for weak pulses. This effect could be used
in tokamaks, as they can have longer connection length be-
tween ionisation front and target and potentially similar neu-
tral pressures, to reduce the risk of ELMs damaging the target.

The optical emission spectrometer was upgraded to acquire
time and poloidally resolved brightness in the visible range.
Dedicated routines were developed to separate the spatial and
time dependence in the raw data given by the rolling shut-
ter, and an Abel inversion was performed on the brightness
to return the line emissivity. Hydrogen Balmer line emission
from OES (p =4 — 8 — 2) was used to develop a Bayesian
routine that incorporates the results from multiple diagnos-
tics to return the power balance in the plasma column in the
target chamber. Various approximations to extrapolate the re-
sults from a single location in the target chamber to its en-
tirety were adopted. The routine incorporates priors from nu-
merical simulations (B2.5-Eunomia) and collisional radiative
codes (Yacora, ADAS). The goal is to understand what drives
the volumetric losses previously identified and what is the role
of atomic and molecular assisted reactions.

It was found that radiation from the plasma due to molecu-
lar assisted reactions is an important but not dominant energy
loss mechanism. Radiation from excited hydrogen atoms cre-
ated from plasma molecular interactions is found to be the
about the same for Stage 1 and 2, but this is likely due to
overestimation in Stage 1. Mutual neutralisation of H~ seems
to dominate radiative losses, but it was established that this
could not be determined from OES alone with the present
setup. Molecular assisted reactions significantly effect the lo-
cal plasma power balance exchanging kinetic to potential en-
ergy, limiting what is available for ionisation and recycling.
This is somewhat analogous to tokamaks, where power limi-
tation of the ionisation source can induce detachment®.

Molecular reactions predominantly lead to MAD, as it is a
more efficient path to H> dissociation than EID. These losses
could be here overestimated due to an unconstrained parti-
cle balance for H, and H. Molecular processes are mostly
dominant in an intermediate temperature range around 3eV,
between ionisation and EIR dominant regions. The radiated
power losses can be responsible for significant plasma power
losses, but exchanges of potential energy like ionisation, EID,
MAI, MAD, and collisional processes like CX and H, H™
elastic collisions are expected to dominate the plasma power
balance. Ionisation is more important at high temperature,
>5eV, while at lower temperatures MAD/MAR increases sig-
nificantly. When these processes cause the the temperature
of the plasma to go below ~1.5¢V EIR occurs, reducing sig-
nificantly the plasma flow to the target and the relative heat
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flux. The importance of radiated power losses could be dif-
ferent if impurities like carbon or nitrogen are present. These
results indicate that for highly detached regimes in linear ma-
chines molecular interactions are important and need to be ac-
counted, something that is not yet fully done in many codes
used for Tokamak edge plasma studies.
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Appendix A: Sampling strategy

As mentioned above, of all diagnostics only the fast camera
has a time resolution high enough to resolve individual ELM-
like pulses. The TS laser is fired at a fixed frequency of 10Hz
from a dedicated timing system. The CB can be triggered at
an arbitrary time compared to the 10Hz clock so that infor-
mation on different parts of the pulse can be collected. The
OES is triggered with the same 10Hz signal as TS and, due
to the rolling shutter, acquires data with a time shift between
rows pairs of 20us for a total of 22ms required for exposure
and acquisition of a single frame. For all experimental condi-
tions it was decided to record TS/OES data from 0.5ms before
the ELM-like pulse to 2.5ms after. A desired time resolution
of 50us determines (22 + 3)/0.05 = 500 ELM-like pulses,
rounded to 600, are required. A phenomena often observed
was that one capacitor failed to be triggered at the requested
time, instead being trigger together with the next. This means
that rather than 600 identical ELM-like pulses, one would be
missing and the one after would be with a released energy
twice the others. To reduce the effect of the missing data the
required 600 pulses are split in two 300 pulses scans with the
CB delayed of 100us at the time. The two scans are shifted
of 50us to obtain the desired 50us resolution for all the OES
rows. With this strategy the maximum time separation be-
tween two ELM-like pulses with good data is 100us rather
than 150us. The missing data is obtained by interpolating be-
tween the good data. In Figure 23 is represented the sampling
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FIG. 23: Sampling strategy for TS and OES. At the top is indicated the progressive reading of the camera rows, with the
integration time of TS is indicated. Below are each of the ELM-like. pulses. It is shown how the trigger of the capacitor bank is
shifted in time and all the pulses are split in two scans. Dashed lines indicate an interruption of the space or time scale.

strategy adopted. At the top is indicated how the camera expo-
sure and readout are shifted in time due to the rolling shutter.

The rows are managed two at the time and during the read-
out of the rows i — 1/i the rows i+ 1/i+ 2 are exposed. Each
OES LOS is composed of ~ 24 rows, so the time shift within
would be 240u s, much larger than the desired 50us. Just be-
low is indicated the TS integration time. OES and TS are
synchronised such that the trigger to start data acquisition is
sent to the two diagnostics simultaneously. The time differ-
ence between CB and OES/TS trigger is initially such that
OES and TS reading correspond to the end of the ELM-like
pulse. From this the CB trigger is progressively delayed by
100us so that TS and OES can acquire data about progres-
sively earlier stages of the pulse. For TS this sampling proce-
dure returns directly 7, and n, while for OES additional steps
are required to: reconstruct frames with row data correspond-
ing to the same time slice, bin the LOS, obtain the emission
line brightness, calculate radial emissivity from the line inte-
grates brightness. Further details are given in Section B. The
final result is a map of the line emissivity in both space (ra-
dius) and time. The plasma is assumed poloidally symmetric
with a radial coordinate of interval 1.06mm dictated by the
OES resolution.

Appendix B: OES data interpretation

In this section it will be detailed how the OES measure-
ments are processes to obtain the local radially and tempo-
rally resolved emissivity used to estimate the relevance of
molecular processes. The camera that was selected for the
purpose of collecting time resolved OES data was a Photo-
metrics Prime95B 25mm RM16C, because of the relatively
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FIG. 24: Example of a raw image from the OES. The readout
starts from the bottom so higher rows represent later times.
In the figure are indicated rows/times corresponding to
different stages of the ELM-like pulse

high signal to noise in low light conditions and large size of
the sensor. In Figure 24 is shown the typical picture collected
during an experiment when on top of a steady state plasma an
ELM-like pulse is fired. The rows are read sequentially from
the bottom, with a time shift equal to the integration time,
minimum 20us. This means that for the particular example
shown the rows indicated as Before represent times before the
effect of the ELM-like pulse propagated to the OES location.
During represents the pulse and After is for times after the
ELM-like pulse, characterised by homogeneous line emission
from the hot gas filling the target chamber. From Figure 24 it
is also possible to distinguish part of the 40 line of sight that
are available.

The first effect that is compensated is the sensitivity of the










































