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Abstract

The process of divertor detachment, whereby heat and particle fluxes to divertor surfaces are strongly
diminished, is required to reduce heat loading and erosion in a magnetic fusion reactor to acceptable
levels. In this paper the physics leading to the decrease of the total divertor ion current (), or ‘roll-
over’, is experimentally explored on the TCV tokamak through characterization of the location,
magnitude and role of the various divertor_ ion sinks and sources including a complete analysis of
particle and power balance. These first measurements of the profiles of divertor ionisation and
hydrogenic radiation along the divertor leg are enabled through novel spectroscopic techniques.

Over a range in TCV plasma conditionsi(plasma current and electron density, with/without impurity-
seeding) the I; roll-over is ascribed to a drop,in the divertor ion source; recombination remains small
or negligible farther into the detachment process. The ion source reduction is driven by both a
reduction in the power available foﬁonization, Preci, and concurrent increase in the energy required
per ionisation, Eion: This effect of power available on the ionization source is often described as ‘power
starvation’ (or ‘power limitation’).. The detachment threshold is found experimentally (in agreement
with analytic model predictions) to be ~ Prec/I:Eion™ 2, corresponding to a target electron temperature,
T+~ Eion/y Where y is(the sheath transmission coefficient. The target pressure reduction, required to
reduce the targetfion current, is driven both by volumetric momentum loss as well as upstream
pressure loss.

The measured evolution through detachment of the divertor profile of various ion sources/sinks as
well as power lossesare quantitatively reproduced through full 2D SOLPS modelling through the
detachment process as the upstream density is varied.

1.(Introduction

Divertor detachment is predicted to be crucial for handling the power exhaust of future fusion devices
such as ITER [3]. Aside from target power deposition due to radiation and neutrals, the plasma heat
flux (gein W/m?) is dependent on the divertor target ion flux density (I'; in ions/m?) and electron
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temperature (T: in eV) where 7 is the sheath transmission coefficient and € is the potential energy
deposited on the target per ion.

qc = L;(yT;: +€) (1)

The ion target current is constrained by the sheath as expressed in equation 2, where p: is the target
pressure and a target Mach number of one is assumed.

Iy o n,Cy  p /T? (2)

Detachment is a state in which the divertor plasma undergoes a large range of different:atomic and
molecular reactions to ultimately provide a simultaneous reduction of the ion target current and the
target temperature and thus pressure, providing access to large target heat fluxireductions (equation
1). In fact, a simultaneous reduction of the ion target current and the target/temperature implies the

target pressure must drop faster than Ttl/2 (equation 2): % <0- BiT (pt/Ttl/z) < 0. A reduction of
t t ~

the ion current, while the divertor plasma is cooled through core density orfimpurity seeding ramps,
is experimentally often used as an indicator for detachment [3-5]. Investigating.the nature of the ion
target current reduction is thus crucial for the understanding of detachment.

Atomic/molecular processes during detachment result in.reductions/ of particle, power and
momentum (pressure), enabling detachment: a simultaneous reduction of target temperature and the
target ion flux [4-8]. In this work we study the relation between particle/power/momentum balance
and the target ion flux reduction experimentally by monitoring changes in power/particle/balance due
to a range of atomic processes utilising visible spectroscopy. y

A target pressure reduction (e.g. % <0- %(pt/Ttl/z) < 0'— equation 2) is enabled by volumetric
t t

momentum losses [4, 5, 9] and/or a reduction of the upstream pressure. Volumetric momentum
losses are often attributed to the dominance,of ion-neutral reactions (e.g. charge exchange and ion-

molecule) over ionisation reactions at low temperatures (T. < 5-10 eV [4, 9]). However, upstream

pressure reduction can also occur/during detachment and has been observed on COMPASS [10].

Detachment [8, 11-15] requires power and particle losses in addition to target pressure loss. The ions
reaching the target surfaces come off the target as neutrals and are ionised in the divertor, after which
they reach the target again. Thisreeycling process is generally considered the dominant ion source in
the divertor [4, 15]. As the ionisation process costs energy (Eion), the magnitude of ionisation is limited
by the power flux entering the recycling region, grec. This is illustrated by equation 3 (derived in section
3.3), assuming an absence.of recombination [8, 12, 15]. Such an analytic model [8, 12, 15] as well as
fluid models [12, 16-18];showsthat once the power required for ionisation and the power entering
the recycling region become comparable (e.g. E”i « 1), the divertor ion source must drop, reducing

ion
the divertor iontarget flux, which is referred to here as ‘power limitation’.

— 3)

ion

[, = drecl

Eion 1+

While viewing target ion current roll-over during detachment alternatively through the viewpoints of

pressure loss.or.as a competition between ion sources (ionisation) and sinks (recombination) may

appear to describe detachment differently, they are, in fact, not mutually exclusive and all cited
processes can/will occur [4, 9, 11].

Particle balance studies often focus on investigating volumetric electron-ion recombination, which can
be an effective ion sink with adequate divertor temperatures (<1 eV) and densities (> 10%° m3).
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Volumetric recombination has been predicted to play a central role in the target ion flux reduction
[19-25] and is sometimes found, through quantitative analysis, to be significant in the reduction of the
ion target flux [8, 25-30]. However, previous work on TCV [31], C-Mod [8] and JET [32] (latter two both
N, seeding) has shown conditions where the volumetric recombination rate is insufficient. for
explaining the observed reduction in ion target current.

As described earlier, the target ion current reduction requires a reduction of the ion source and/or an
increase in the ion sink (volumetric recombination) in ‘high recycling’ conditions. We define ‘high
recycling’ as the divertor ion sources dominating over ion flows into/out of the divertor:Determining
those ion sources requires experimental measurements of ionisation and_lits power, losses.
Quantitative measurements on the divertor ion source have not yet been performed, although
experimental indications for power limitation are available (either from inferred ion sources [8], or
from qualitative spectroscopic ‘indicators’ based on Dg [33]). Recent studies aim to provide
quantitative information on ionisation during divertor detachment [1, 32,34]. ~

In this work we utilize new techniques for achieving these measurementsi(see [2]) which allow us to
directly infer a) both the recombination sink/the ionization source and b).theitotal energy ‘cost’ per
ionization, Eion per ionisation event as profiles along the outer divertor leg. Therresults of those studies
(section 3) for L-mode TCV discharges quantitatively verify_ that the loss of target ion current is
primarily due to an ionisation source loss for the TCV/cases shown. Volumetric electron-ion
recombination, as an ion sink, has a smaller (and sometimes\negligible) effect even after the target
ion current begins its roll-over. This loss of ion source coincides with the power entering the recycling
region (Prec) approaching the power required for ionisation (Pion) - providing experimental evidence
for ‘power limitation’. Given the spectroscopic coverage(Figure 1), this provides an unprecedented
view of the evolution of the ionization, recombination;, electron density and impurity radiation profiles
along the divertor leg during detachment. Those profilesand their evolution in time are in quantitative
agreement with SOLPS simulations [35]«

The above results are then compared with reduced analytic model predictions (based on [4, 8,9, 11,
22]) in section 4. Several predictions.of these analytic models (I, Ty, ....) are in quantitative agreement
with the experimental results. Besides this, here are three important outcomes of this comparison:

1. Combining the Bohm sheath criteria with power/particle balance (equations 2, 3) results in
quantitative analytic pfedictions.for the detachment onset — where obeying equations 2 and
3 simultaneously requires target pressure loss (Appendix A.1): Prect ~ 2 Pion, Tt~Ejon /Y and

De/Qreci~ /ZE ‘y (wheregm; is the ion mass). Our experimental measurements confirm
ion

those analytic predictions at the point in time we designate as detachment onset — namely
when the ion target current starts to deviate from its (attached) linear increase.

2. We show the equivalence of approaching detachment from momentum balance (e.g. target
pressure dosses) and power limitation arguments from combining the Bohm sheath criteria
with power/particle balance (section 4.2 — equation 21). This is supported with experimental
measurements which show that both power loss (in fact power-limitation of the ion source)
andiolumetric momentum loss occur after the detachment onset. In addition, upstream
pressure loss occurs during detachment, which is shown to be consistent with analytic
modelling.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-103350.R1

3. The I; < n,, trend observed experimentally in TCV (where ne, is the upstream electron
density) during attached conditions contrasts the often assumed I, « n?2, trend on which the
Degree of Detachment (DoD) is based [3, 7, 24, 36-38]. The TCV observations are however
supported with analytic predictions, when accounting for changes in the upstream
temperature and divertor radiation. This illustrates deviations in upstream and«divertor
conditions need to be accounted for before the DoD can be used.

Our measurements show that as further power limitation occurs (Prec gets closerto Pion), volumetric
momentum loss (estimated from inferred charge exchange to ionisation ratios), molecule-plasma
interaction (evident from an increase in Da [1]) and ultimately, volumetric recombination (Pree,™ Pion),
occur. This sequence, which is commenced and driven by power limitation appears,to occur more
generally in high recycling divertors and applies to various approaches to detachment - density scans,
PsoL reductions and impurity seeding. It also applies to higher density experiments where the effect of
recombination, while larger than for TCV, must still await the drop in the T; to lewsenough values (~
1leV) driven by power limitation. Those low values occur after momentum.loss starts to occur (~ 5eV)
and roll-over starts (~ 2 eV in TCV).

2. Experimental setup

All the research discussed involved L-mode Ohmic density/impurity.ramp discharges made in the
medium-sized tokamak TCV (R =0.89 m, a = 0.25 m, B; = 1.4 T)[39]. The characteristics of the various
discharges utilised, as well as their equilibria, are shown in table.l and Figure 1a, respectively. All
discharges are in L-mode without additional heating and are performed in reversed field (e.g. VB in
the unfavourable direction) to stay out of H-mode. These choices have been made in order to obtain
detached conditions with relatively high divertor.densities (n. ~ 102° m3), which so far have not yet
been achievable in H-mode or heated L-mode discharges;[40]. Reversed field is required to obtain
such densities as otherwise the plasma‘current.would need to be reduced to stay in L-mode [24, 37,
38]; which would imply reductions in core, upstream and divertor densities. Expected deviations
between our TCV results and other. devices; H-mode and forward-field conditions are discussed in
section 4.4 and are expected not to influence the main conclusions of this work.

To obtain ionisation sources and sinks, we utilised the newly developed TCV divertor spectroscopy
system (DSS) [1, 2, 31]. The DSSconsists of vertical and horizontal viewing systems, each employing
32 lines of sight (Figure 1a). Our analysis is based on the horizontal system, which provides full
coverage for the divertor shapes studied in this work. Full details on the analysis can be found in [1, 2]
and a summary can be found in section 2.1.

Other diagnostics used for portions of the work presented are gold foil bolometers, target Langmuir
probes [41], an upgraded Thomson scattering system [42], a reciprocating probe [43] and infrared
imaging [44]. The'locations of these different diagnostics are shown in Figure 1b.

We have divided the radiated,power into core radiation (above the x-point) and divertor radiation
(below thex=point). This is accomplished by utilising the brightness from poloidal bolometric chords
over the appropriate region, while removing chords which intersect the inner divertor (to prevent
contamination from inner divertor radiation). Such an analysis of bolometric chordal brightnesses has
been used in.place of the ‘default’ tomographic reconstruction of the radiated power emissivity across
the entire plasma which can have significant uncertainties [40, 45, 46]. We note that due to the
reflectionrof low energy photons from the gold foil of the bolometers, the estimated radiated power
issassumed to be underestimated by at least 15% [47]. When considering other uncertainties, the

Page 4 of 47



Page 5 of 47

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-103350.R1

DSS Vertical

856567 #56567

|
| |
HEn e
|
\{\11//

B fhomsonghard
@uiangmuirprobe

~
wertical IR

M Reciprocating probe

DSS
Horizontal

<~ Bolometer chord

Figure 1. a): Lines of sight of the horizontal and vertical DSS systems. Divertor geometries for #56567 (red), #54868
(green), #52158 (blue) are shown. b) Lines of sight and locations of otherdiagnostics (Thomson/Langmuir probes/Vertical
IR/Reciprocating probe/Bolometry together with the divertor geometry of #56567.

- 4

overall underestimate of the radiated power ranges from 10% - 20%, which we correct for in our

Discharge number I (kA) | Greenwald fraction

56567 (and repeats) | 340 0.3-0.6 Density ramp
54868 240 0.25-0:6 Density ramp
52158 340 0.4 N, seeding ramp
57912 340 0.25-0.6 Density ramp

Table 1: Overview of discharges used in this. work, together with their shot numbers, plasma current and Greenwald
fraction.

analysis. Further explanation on the bolometric analysis can be found in [1].

The values of power enteringthe rec\ycling region, Prec, can be sensitive to this underestimation during
detached conditions where Pre is small. This is reflected in our results, as we assume that 80-90% of
all radiative losses is detected by:the'bolometry, for which we assume a uniform probability density
function in the probabilisticanalysis used for quantities which require Prec (Or grec) €stimates [2]; which
includes the analytic model investigations in chapter 4.

2.1 Spectroscopitanalysis methodology

We first provide a/brief summary of our analysis techniques and nomenclature for inferring the
recombination sink [31], ionisation source and hydrogenic power loss. The manuscript on this analysis
technique'can be found at [2], while its code is available at [48]. Figure 2 illustrates the various steps
in the analysis process, eventually resulting in estimates of both local plasma characteristics (weighted
over«the Balmer line emission profile along each viewing chord) and line integrated plasma
parametersThis analysis strategy contains three steps.

1. The,Balmer line shape is analysed to obtain an estimate of the characteristic electron density of
the Balmer line emission region through Stark fitting the Stark broadened component [1, 2, 31].
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2. The ratio between two Balmer lines is used to separate the excitation/recombination
contributions of the Balmer line emission quantitatively (B]%5,, BEX5 in photons / m? s,
respectively) [1, 2, 31] by inferring the fraction of the Balmer line brightness due to recombination,
Froc(n), and excitation, F,,.(n) and multiplying those fractions with the absolute Balmer line
intensity (B,,_,, in photons / m?s).

3. B, and BEXS, are analysed individually to infer chordally-integrated parameters, such as the
recombination (R, in rec/m?s) rate, ionization (/, in ion/m?s) rate and radiative power loss due to
excitation and recombination (Prag1%¢, Prag, "¢ in W/m?, respectively) [2]; as well as a measure of
the local (along a chord) ‘characteristic’ excitation/recombination temperaturey (T.5, Te&
respectively). Those can be interpreted as emission-weighted temperatures along the line of sight
[2]. Using the excitation temperature T.t and assuming that excitation and«¢harge exchange occur
at the same location of the chordal integral, an estimate of the line integrated charge exchange
to ionisation ratio CX./I, can be obtained.

Input
Output

no/n Analysis steps

Balmer
line ratio

Balmer Stark

line shape broadening
(n>6)

Figure 2: Schematic overview of recombination and ionisation rate analysis methodology. Inputs are shaded in grey,
assumed inputs have yellow symbols, outputs in purple, analysis stepsiin green.

The chordal-integrated parameters can then, provided one has a full coverage of the divertor, be
toroidally/poloially integrated (using the technique in [2, 27]) to provide the total divertor
recombination rate I, (in rec/s); ionisation rate [; (in'ion/s); hydrogenic excitation radiated power P,¢**¢
in W; hydrogenic recombinative radiated power P4 in W. We have performed this analysis for the
outer divertor leg. Further information on all the various output parameters can be found in table 2
in [2]. N

As shown in Figure 2, several'input parameters (e.g. neutral fraction n./ne, pathlength AL) are required
and assumptions mustibe made,toscharacterize them — see table 1 in [2] for an overview. The
uncertainty for some of those parameters can be too large for Taylor-expansion based error analysis
techniques to be appropriate. We thus developed and used a Monte-Carlo based probabilistic analysis
[2] to estimate allroutput quantities and their uncertainties. This works by ascribing a probability
density function”(PDF)»to<every single input parameter in the analysis, characteristic of their
uncertainties! Random¢values are sampled according to those PDFs on which the analysis is
performed. This,‘eventually, leads to a distribution of different output parameters which is mapped
to a PDF/[49]. Using those output PDFs, an estimate of the output value and its uncertainty (Highest
Density Interval) are obtained using techniques adopted from Bayesian analysis [50] - (Maximum
Likelihood /“Highest Density Interval [51]). See [2] for a full overview of this probabilistic technique
and for examples of output PDFs.

The aboveanalysis is based on a Balmer line slab model for the Balmer line brightness (B,,_,, in ph/m?
Swith upper quantum number n) - Equation 4, which models the Balmer line emission as if it originates
from a plasma slab with spatially constant parameters (OD model) with a chord intersection length of

6
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AL. B,,_,, is a function of path length (AL), electron density (n,), neutral density (n,) and temperature
(T,) using the Photon Emissivity Coefficients (PE C}c5,) for recombination and excitation (PECSXS),
obtained from the Open-ADAS database [52, 53].

Byy = AL g PEC;S, (ne, Te) + AL nonoPECEES (ne, Te) (4)

exc
Bnﬁz

rec
Bnﬁz

Molecular reaction contributions (which can contribute strongly to D, [1]) to the Balmerdine emission
are neglected in equation 4, which is valid for n>4 Balmer lines. Furthermore, equation 4 assumes-the
hydrogen ion density equals the electron density (e.g. Z,sr = 1) — which introduces insignificant
errors on the analysis shown below [2, 31].

Deviations between the inferred parameters and actual parameters can occur due to. the above
assumptions as well as ‘line integration effects’: artefacts in the analysis output arising from the fact
that the chord integrates through a plasma with spatial profiles rather thar(che 0D slab model
presented in Equation 4. This has been investigated in detail in [2] — indicating that the analysis is
insensitive to the mentioned assumptions as well as line integration effects{ The insensitivity is
determined by using a synthetic diagnostic approach applied to SOLPS simulations [2] as well as by
using more simplified a priori model with assumed ne, T profiles [31]; deviations between inferred
parameters and actual parameters remain smaller than the characteristicuncertainties of the inferred
parameters [2]. By incorporating 2D spectroscopic measurements using filtered camera imaging [54],
this analysis may be further improved.

2.2 Reproducibility of repeat discharges y

#56567, #56571, #56572,

At sufficiently high electron densities

8 e T, 12 and recombination rates, a lower-n

. L A) | ) " Balmer line (n=5) is required for

% “6 :’:-ﬁ i ﬁiﬁrt i ;E\ separating excitation/recombination
% & ++ i f-t ‘* 10 2 emission quantitatively. However, a
2 -g 4+ # - - ﬂ :C_i higher-n Balmer line (n-7) is required
2 NQ- K +++ 4 qi . £ for the Stark density inference [2]. To
ANosk & - $ I facilitate  both  measurements,
o T +F I =R :I:— 8 ¢ di t ¢ ired. and
L | ~N iagnostic repeats are required, an

ol P P ul B thus the reproducibility of repeat

09 10 1.1 09 10 11 12 discharges must be verified. To
Time (s) Time (s) demonstrate such reproducibility we

show, in Figure 3, the variation of the
brightness Stark  density
measurements for a of 8
sequential identical discharges (of
which #56567.is studied extensively in this paper) using the vertical DSS spectrometer from the line of
sight corresponding tothe strike point. The time dependencies of Balmer n=9 line intensity (Figure 3a)
and the/derived chordal averaged (weighted by the n=9 (recombinative) emission profile) density
(Figure 3b)are the same within uncertainty from discharge to discharge. In addition, results from other
diagnostics (bolometry and Langmuir probes — not shown) also agree within uncertainty for the

Figure 3: a) 9->2 Balmertline.brightness and b) inferred Stark density
from the 9->2 Balmer/line obtained from the vertical system using the
line of sight closest to the strike point location. Each colour indicates a
different discharge-Characteristic uncertainties are shown in the Figure.

and
set

repeated discharges, indicating enough reproducibility for our primary measurements of the divertor
plasma characteristics. The reproducibility can be significantly worse if discharges are repeated on
different days.
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3. Results

Particle balance measurements show the ionization source is the primary process that determines the
target ion current and its reduction during detachment in TCV. Volumetric recombination plays either
a secondary or negligible role in the ion current reduction and only occurs after the ionisation'source
rolls-over. These results have been obtained for three discharges: two core density ramps (at:two
different plasma currents) and a nitrogen seeding ramp.

Power balance measurements shows ‘power limitation’ reduces the ion source, in agreement,with
theoretical predictions [15, 22]. The power reaching the recycling region, Pr, issreduced duringra
density ramp discharge due to increasing impurity radiation; which is inferred frem hydrogenic and
total radiation estimates. In contrast, the power ‘required for ionization’, Pinrincreases during the
pulse until Pion ™ Preci at the target ion current roll-over. This provides experimental evidence for power

limitation, which is concurrent with the development of pressure and momentum losses (section 4).

3.1 Detachment characteristics on TCV .

First, we characterize the development of ion target current loss during.detachment of a density ramp
discharge. Secondly, we describe the
development of the poloidal profiles of 15 #56567 50
plasma characteristics during detachment

experimentally, which are also compared

—_
N

with equivalent synthetic measurements
[2] performed on the corresponding
SOLPS plasma solutions [35]. Previous
studies have provided complementary
descriptions of the development of

O

Dénsity (10" m™®)
(o)}

w

detachment in TCV [24, 31, 38, 46, 55] and 0 v }' (Sepi) } t }

are thus useful for further details. 12 ﬁ— It\[LP] '

3.1.1 Characterization of targetjon loss 9 ol .+ :‘ loss Py e

Feedback control of the D, fuelling was Z’ - " e

used for #56567 (Figure 4) to obtain aj, £ 6 »f ¥ ’
o [

linear increase (with time) of the line
averaged core density, 71, measured by.a
vertical FIR interferometer chord. This
causes a linear increase of the upstréam
separatrix density, nes (Figure 4). n, is
increased until the/plasma disrupts at
t=1.25 s, achieving:a maximum Greenwald
fraction of ~ 0.65=Bothithe total ion target

0.6 0.8 1.0
Time (s)
Figure 4: Overview of detachment based on a 340 kA, density ramp
discharge (#56567). a) Line averaged, n,, upstream density, ne
and upstream temperature, Ty as function of time. b) Total lon
target flux (I;), ion target flux density at the separatrix (),
recombination rate (I;) and I loss as function of time. The onset of

flux integrated across the divertor target
detachment phase (~0.82-0.87 s) is indicated as a black shaded

(lein |on/s) and_the t.arg_Et lon flux. density region in this Figure and all subsequent experimental Figures as
at the separatrix (F¢in ion/m? s) increase  function of time.

linearly linitially (Figure 4a). The linear

scaling of I, andl: with the upstream/core density for attached plasmas was observed for all the
density ramp'studies at TCV [38]. This contrasts the I &< ne,? scaling often assumed in other tokamaks
[7, 36]..From a theoretical perspective, the I o ne,? scaling assumes that the upstream temperature
and target heat flux is unaltered as the upstream density is increased (chapter 2,3 [1]; [4]; [3]); which
is'not necessarily true. Accounting for measured changes in these parameters over the discharge, we
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will show in section 4.2.1 that the observed linear increase of It and 't with ne, is expected when
considering the measured reductions of upstream temperature and the increase in divertor radiation
throughout the discharge as ne is increased.

To quantify the loss of target ion current for this study we determine a linear, in upstream density and
thus time, fit to the ion target current during the attached phase and extrapolate into the‘detached
phase. The ‘I; loss’ is then the difference from this to the measured ion target current, k. (see Figure
4b). At ~0.82-0.87 s |, starts to deviate from its linear trend and ion target currentdoss starts to,occur;
we use that deviation to define the onset of the process of detachment. Later, we will show that this
time is in accordance with analytic detachment onset predictions (section 4.2) and corresponds to
when the ionisation profile peak lifts off the target (section 3.1.2). For the case shown in Figure 4, I;
rolls-over at the detachment onset while I; rolls-over later. The separation bétween the detachment
onset, | roll-over (negative slope in I;) and I} roll-over can, however, vary from one discharge to
another (see Figure 7d-f and [38]). The I: roll-over is subsequent with a flattening/reduction of
upstream density for the case shown in Figure 4.

Although spectroscopic signatures of recombination start to appear just beforerthe ion target flux roll-
over, the I; loss (magenta — Figure 4b) is significantly largersthan the total recombination sink
integrated over the entire outer leg (I, blue - Figure 4b), indicating recombination alone is insufficient
(at least by a factor three) to fully explain the I; roll-over. This observation is general on TCV ([31] and
section 3.2) and has also been observed under higher density.conditions in Alcator C-Mod [8] as well

as under N; seeded conditions [32]. R

3.1.2 Experimentally observed TCV detachment dymamics and corresponding SOLPS solutions
The experimentally-measured poloidal profiles of several plasma parameters along the outer divertor
leg during the periods before, during and after the target ion current roll over are compared to SOLPS
simulation results (Figure 5). The profile times correspond to the vertical lines in Figure 5a. The
equivalent density scan modelled using SOLPS‘issshown in Figure 5b. This simulation [35] does not
reproduce the experimental result that the upstream density saturates upon detachment. As such, a
linear trend of the upstream density.has been used to match the chosen times to the appropriate ne..

The three SOLPS simulations used to compare to experimental profiles are indicated by the enlarged
symbols in Figure 5b. Their colours correspand to the vertical lines at which the experimental data is
taken, shown in Figure 5a. The SOLPSwprofilé results (Figure 5f, h, j) are obtained by integrating through
the 2D SOLPS profiles of ionisation, recombination, etc.) along the DSS and bolometric viewing chords
[1, 2] (Figure 5h - P.g.),0enabling a/closer comparison between experiment and simulation. The
divertor-integrated results (Figure 5f) are obtained by integrating the ionisation source/recombination
sink from SOLPS over the region‘covered by the entire horizontal DSS horizontal viewing chord fan
(Figure 1a). The SOLPS ‘Stark density’ result (Figure 5d) for each viewing chord is obtained from a
synthetic DSS diagnostic. Further details of how the synthetic measurements created from SOLPS
output are provided in [1, 2].
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Figure 5: Left hand side: Experimentally (spectroscopic inferences + bolometry) determined quantities along the outer
divertor leg. Right hand side: Results obtained directly from SOLPS simulation utilizing synthetic diagnostic measurements.
a) Outer divertor integrated ion source and recombination rate (1; I;) as a function of time. The vertical lines correspond to
the times at which the profiles are shown in the Figures below. b) Analogous ion source/sink plot (outer divertor integrated)
obtained from SOLPS where the ionisation source and recombination sinks are shown as function of upstream density. The
shot numbers in figure 5b are the reference numbers under which the SOLPS simulations are stored in the SOLPS'MDSplus
database. c, d) Stark density profiles (c — obtained from a synthetic diagnostic — see [1, 2].). e, f) Chordal integrated
recombination (R.) /ionisation rate (1I;) profiles. g, h) Chordal integrated total radiation profiles through bolometry.— Pqq,;
and radiation due to hydrogenic excitation — Pr.q,"¢* . |, j) Line integrated charge exchange (CX,) to ionisation ratio*(l;)
profiles.

Before detachment, the density along the divertor leg (Figure 5c), the radiated power (Figure 5g —
Prad 1), ionisation rate (Figure 5e — I,) and recombination rate (Figure 5e — R\) all peak near.the target.
The ionisation region covers most of the divertor leg, which is likely due to the ‘relatively large
ionisation mean free path on TCV (5-10 cm). Further increases in i, andie,y gerﬁrate a gradual shift
of the radiated power peak towards the x-point, followed by the ionization‘region ‘detaching’ from
the target (Figure 5e — I.) concurrent with the detachment onset (starts at ~0.83s Figure 5a). As the
ionization moves away from the target, a region where charge exchange dominates over ionisation is
left behind (Figure 5i); eventually extending over a region up to ~ 20 cm from the target. During the
entire detached phase, both the Stark density and recombination rate continue to increase across the
entire divertor leg whilst their peaks remain near the target (Figure,5c,e) where the lowest DSS
measurement chord is ~ 5 cm above the target surface.-At the highest core density, recombination
dominates over ionisation only over a small region (<10 cm) close to the target (Figure 5e).

Each DSS chord passes through three regions of.the outer/divertor leg — a) the far SOL of the common
flux regions (17 flux tube; 11.5 cm target coverage); b) the region near the separatrix (4 flux tubes; 0.5
cm target coverage); c) the private flux region (17 flux tubes; 13.4 cm target coverage). Comparing the
total ionisation in these three regions/ofisthe SOLPS-ITER simulations has shown that a negligible
amount of ionisation (compared to the total) occurs at the private flux region (c) during both the
attached (<4%) and detached phase (<1%). As the density ramp progresses, the ionisation region
widens across the far SOL of the common flux region (a) giving rise to more ionisation outside of the
separatrix, increasing from 65% (attached)to 95% (detached) of the total ionisation.

All these observations are in excel@t qualitative (and in most cases even quantitative) agreement
with the SOLPS simulation results. However, certain parameters are different in the experiments and
TCV SOLPS simulations [18, 35, 56]. In particular, the total ion target current trend in the simulations
flattens during detachment as opposed to rolling over - in disagreement with the experiment.
Although ionisation makes up.most of the ion target current in the simulations in attached conditions,
during detachment there are substantial ion flows into the divertor, balancing out the reduction of
the total divertor{ionisation source [18, 35, 56]. This is in disagreement with the measurements of
section 3.2 forawhich theresis quantitative agreement between the total divertor ion source and the
total ion target currentof the outer divertor leg in both the attached and detached phases, which is
further discussed in section 4.3. The omission of drifts in the simulations could lead to this discrepancy
of the ion flow into the divertor between the experiment and simulation. Those ion flows are,
however, small for single flux tubes slightly outside the separatrix in the common flux region, where
a cléar roll-over (more consistent with the experiment) is recovered [18].

3.1:3The dynamics of the electron density in the divertor during detachment
The three time points in the general plasma characteristic profiles along the divertor leg (Figure 5c, f,
g, h)sprovide a coarse temporal resolution and therefore do not fully convey the dynamics of the

11
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electron density near the target , which we expect, based on previous work [28, 57, 58], to drop as
the low pressure/density regions expand from the target towards the x-point during detachment.

Stark density measurements from the 7 horizontal DSS viewing chords closest to the target are shown
in Figure 6a together with the viewing geometry (Figure 6b). This discharge is similar to the one
discussed in sections 3.1.1 and 3.1.2, but with a magnetic geometry optimised for DSS strike point
coverage. The inferred Stark densities and the target density measured by Langmuir probes both rise
initially during the start of the density ramp. At approximately the time of the detachmentonset and
the total ion target current roll-over (~0.87s — not shown), which coincides with the time where the
ion target flux deviates from its linear trend (not shown), the Stark densities throughout the.divertor
rise above the Langmuir probe target density, which rolls-over. Ultimately, the Stark density (within ~
5 cm from the target) rolls-over (1.05 s). This consistent with observations from the verticahDSS system
indicating a reduction in line averaged (9->2 Balmer line, thus recombination emission weighted)
density throughout the divertor leg (Figure 3b).

? A) #57912
g 12 T T T y T
2 10 [ = = Separatrix N " ™
‘C_> | = = « Separatrix N
— 8 - Stark
< [ + N,
[
T 6
D 4L
a - n
-a 2 ;—‘b-..ﬂl
C L ™
O 0 L y
- 0.6 0.8 1.0 1.2

Time (s)

Figure 6: A) Electron density (characteristic uncertainty ~10%%.m=3) traces density from target Langmuir probes and DSS
chords near the target (#57912) for a density ramp experiment. B) Divertor geometry and line of sights corresponding to
the DSS measurements.

The discrepancy between the Stark'and Langmuir probe densities suggests that the electron density
strongly decreases in a narrow region (< 5 cm) close to the target. The roll-over of the Stark density of
the lowest viewing chord density would.then be consistent with the density peak starting to move up
along the leg. A decay of the electron density in such a narrow region during detachment is also
observed in the SOLPS simulation (section 3.1.2) [35], although the amount that the electron density
drops (1-2 . 10*m?3) is significantly smaller than experimentally-inferred and shown in figure 6a.

However, there are/other reasons which could partially explain the strong discrepancy between the
Stark and Langmuirprobe target densities.

1. There s a concern that the Langmuir probe measurement of the target density is incorrectly
low. 'Since the Langmuir probe density inference uses the Langmuir probe-derived

temperatures( /5, & nkP\/TLP ), the density would be underestimated when T is

overestimated — which generally occurs in cold divertor conditions [41, 59, 60]. As such,

e
TLP
spectroscopically inferred TF (section 4.1.1) from the excitation emission of the chord closest

to the target (Figure 6a). n.™” ™ remains significantly smaller than the observed Stark density

following a similar approach as in [31], we calculated a modified n%?™°% = nLP

using a

upon detachment.
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2. Some combination of the width of the poloidal viewing chord (1-2 cm) and the weighting of
the Stark density towards the higher densities (and thus higher emissivities) could explain
partially the difference between the target Langmuir probe density and the Stark density.

3. The Stark electron densities measured in low temperature conditions could be overestimated
by up to 2.10* m? at the end of the discharge shown [1], due to the electron temperature
dependence of the Stark width depending on the Stark model used [61].

3.2 Characterization of the loss of ion source and its effect on thé¥ion target.flux
In the survey of discharge characteristics (Figure 4), the inferred ionization source magnitude andtime
dependence appears to determine the current reaching the target. The following discussions are
based on particle balance over the entire divertor and not just a particular flux.tubexThe balance of
sources and sinks within the divertor can be written:

I~ 1 —1, (5)

~
where the target ion flux (the sink for ions at the target), I, is the sum over the divertor target surface

while both the ionization source, |;, and the volumetric recombination sink, I, are integrated over the
entire outer divertor leg. Equation 5 assumes the divertor to be a closed, self-contained, system where
the total divertor ion target current is dominated by divertor ion sources, ignoring sources of ions
outside the divertor (core or SOL ionization) which flow from upstream towards the target; an
approach used previously [8, 11, 12] and we will discuss it further in section 4.3. In this paper we define
the divertor to be ‘high recycling’ when this condition (Equation:5) is valid.

3.2.1 Characterization of ion sinks and sources in density ramadischarges

We show examples of the equivalence of the divertor ionization source and target ion current in the
first two columns of Figure 7 for density ramp. discharges at two different plasma currents. The
ionisation source (Figure 7d & e), |;, tracks the increasingitarget flux, I, (within uncertainties) during
the attached phase for both density ramp cases whilerrecombination, I, is either negligible (Figure 7d)
or small (Figure 7e). We conclude that the majority of ion target flux derives from ionisation within
the divertor, in agreement with the self-contained.divertor approximation (Equation 5), which shows
that TCV is operating under ‘high recycling’ conditions. These measurements also indicate that any
additional source of ion flux from the SOL'into the divertor should be either relatively small or balanced
by the ion flux flowing from the outer divertor towards the inner target.

N
High recycling divertor operation has been illustrated as a narrow ionisation region in front of the
target [4]. This contrasts with,our TCV observation (Figure 5). This indicates that having a narrow
ionisation region may not be necessarily a requirement for cases where Equation 5 applies.

As explained in section 3.1.1, thefion losses are calculated by subtracting the measured I; and |; from
these respective linear scalings of I and | in the attached phase (Figure 7d, e). The measured target
ion current loss and the ionization source loss track well within uncertainties for both density ramp
cases (Figures'7g, h). The recombination ion sink is only significant at the end of the high plasma
current discharge; it only starts to develop to significant levels after the ion target flux roll-over and
long after'the deviation of the measured I from its linear (attached) scaling and it remains more than
a factor 4 lower than the loss of target ion current or loss of ionization source.

13
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The recombination rate in the high current case is 5-10 times higher at the same core Greenwald
fraction as in the lower current case. One explanation for the higher recombination rates is that the ~

Density ramp Density ramp N, seeding ramp
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Figure 7 — First twoolumns correspond to core density ramps at two different plasma currents: Core Greenwald fraction
(a,b); divertor ion_sources/sinks and ion target flux (d, e) as well as the loss of ion target current, recombination sink
and loss of ionization (g, h). The last column corresponds to a N, seeding ramp at constant core density (c): divertor ion
source/sink and ion‘target flux (f).as well as the loss of ion target current, recombination sink and loss of ionization (i).

1.5 x higher ne, leads to higher divertor densities. These are observed (Stark density) to be ~ 3 x higher
for the high current case, which agrees with the expected strong dependence of the divertor density
on Ney (cubic, based on the two point model [4]). Assuming identical divertor temperatures between
the two cases, this would result in ~10 times higher recombination rates (estimated from ADAS tables
[52, 53]):.This suggests that (for the same core Greenwald fraction) the plasma current is a ‘control
knob’ for the influence of recombination on the ion target flux.

14
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3.2.2 Characterization of ion sinks and sources in N,-seeded discharges

N, seeded discharges develop significantly differently than the core density ramp discharges discussed
previously [62]. The line averaged density for this pulse (Figure 7c) is held constant over the N,-seeding
ramp at a Greenwald fraction of ~0.4. This is just below the core density at which the ion target flux
roll-over occurred in the equivalent high current, density ramp discharge (pulse #56567; Figure:Z.b,e):
The ion target loss is quantified as previously using the pre-N; seeding scaling as a reference. This likely
underestimates the actual value of the ion target loss as the ion target flux is expected to.increase
with increasing impurity radiation in attached conditions while other divertor parameters are kept
constant (Appendix A.1 - Equation A.5 (or A.6) together with the target tempefrature solution of
equation A.7). The magnitude of the ion source loss, including the range of uncertainty, was larger
than that needed to explain the magnitude of the ion target flux.

We cafn only speculate as to why the particle balance between sinks and sources is nat as consistent
for the case of N,-seeding. A nitrogen concentration of 10 - 25% could explain the mismatch between
the ion target flux and the ionisation source prediction, assuming an average nitrogen ion charge of 2.
A crude analysis, using Open-ADAS photon emission coefficients togéther with the NIl (399.6 nm) line
brightness measured by the DSS and (T, ne, AL) obtained from the Balmer line analysis, indicates the
ratio between the N* density and n. is larger than 4%. The totalnitrogen concentration is likely
significantly higher than the N* concentration: to illustrate, for a‘transport-less plasma — which is not
valid here — one would expect a fractional abundance ofsN* smallerthan 0.1 for the values for Tt
obtained. This crude analysis is consistent with the explanation of a significant portion of the ion target
current being due to nitrogen ions but does not constituté a proef. A proof would require a more
guantitative and complicated analysis as in [63].

Volumetric recombination is found to be fully negligible during N, seeding (Figure 7f) [1]. This is
consistent with results from other devices [8, 32] as well.as MAST-U SOLPS simulations [64], where
the role of volumetric recombination during:N..seeded detachment has been found to be smaller.

3.3 Power balance in the divertor andyelationship to ionization

We have now described all the elements in divertor particle balance and we will now investigate how
this is related to divertor power balancexlt has been suggested previously, both experimentally [8]
and theoretically [11, 12, 17] that/the ion source can be limited by the amount of power available for
ionization in the divertor (which egccurs simultaneously with momentum losses — section 4.2 &
equation 2). To address directly whether power limitation of the ion source leads to the ion source
behaviour we now develop a‘pewer balance analysis and apply it to the outer divertor for one of the
discharges shown in Figure,7, #56567.

The power entering the divertor, Pqi, is lost partially to radiation, Pr.q, after which the remaining power

Ppot

ends up at theftarget (Puarget), both in the form of potential energy, target

= I;€ and kinetic energy,
pé‘éﬁget = [,yT;, where y~7'is'the sheath transmission factor. We use ‘kinetic’ to mean ‘kinetic and
thermal’ «This is'shown in Equation 6, where € = 13.6 eV is the potential energy. The molecular
dissociation potential of 2.2 eV [3, 57] is neglected in dissociation, surface recombination and

volumetric recombination.

Paiv — Praa = Ptarget =I(yT: + €) (6)
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Figure 8: Schematic overview of power and particle balance in the outer divertor. The blue shaded region represents the
divertor. The top line describes power balance in terms of power entering the divertor (Pg), impurity radiation (P.s™),
power reaching the recycling/ionisation region (Preq), ionisation power cost (Pion) and récomhbination power cost (Prec),
eventually resulting in kinetic power reaching the target (Prarget™). The bottom line in the Figufe describes particles (ion)
balance in terms of an ion flow from upstream (l,,), ions generated in the ionisation region (I;) andions being removed in
the recombination reaion (I.) . eventually leadina to I+ ions reachina the taraet.

The radiated power highlighted in Equation 6 can be split into different portions: hydrogenic radiation

and impurity radiation( Pri;r;p) — equation 7. Hydrogenic radiation has'both/an excitation (Pr.d™®*¢) and
a recombination (Pr.4""®%) contribution.

Pdiv __ pHexc _ PH,rec _ Pimp — It(yTt + 6) (7)

rad rad rad

We ignore, for simplicity, energy losses due to charge exchange (C)ﬁ in equation 7. A large range of CX
energy losses per ionisation event is suggestediin literature (~ 3-5 eV [11]; 5-15 eV [1, 15, 65]). The CX
power loss is not well known and is difficult to quantify with'a simple model. Preliminary results from
SOLPS simulations [35] indicate that CX related power losses are secondary to impurity and hydrogenic
radiation and we do not include them in'thefollowing.

To obtain further insight into the power loss processes, we can re-arrange Equation 7 by bringing the
potential energy of the ions reaching the target to the other side of the Equation and utilising the
closed box approximation (Equation.5):

(Paiv — Prgid) — (PR™C + €l)) — (PR7°¢ — €l,) = I,yT, 8)

rad rad rad

The grouped terms in equatijon 8 e?plain the different processes in divertor power balance and are
schematically represented in Figure 8 as a visualisation aid. The different regions in Figure 8 spatially
overlap as shown in section 3.1.2 (Figure 5) and the analysis does not rely on a separation of these
regions. We will now discuss all these different grouped terms in detail.

The power flow into the divertor, Py, is first reduced through divertor impurity radiation. We define
which is left as Peqi: the power entering the recycling region (Equation 9).

_ imp
Precl - Pdiv - Prad (9)
Power is lost'in thelionisation region by converting neutrals to ions (energy loss € per ionisation) and

by excitation collisions preceding ionisation leading to radiation losses (PTZ’:;"C): Equation 10. Dividing

the total ionisation power loss Pio, by the total ionisation source leads to an effective ionisation energy
loss, Eion (Equation 11), which is an important parameter in modelling the ion target current dynamics
as will_be discussed in section 4.1 and 4.2. Furthermore, Eion will rise during detachment as the
ionisation region grows colder and more excitation collisions occur before ionisation. This is observed
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experimentally (section 4.1.5) to have a significant influence on the ion current reduction during
detachment (section 4.1.5) in agreement with 1D modelling predictions [66].

Pion = :é’;xc + €Il' (10)
. PH,exc
Ejpp = Dion = Trad 4 ¢ (11)
I; I;
There are both energy gains (potential energy is released back to the plasma €l,.) and radiative losses
(Prz'gec) in the recombination process. The total power ‘cost’ of the recombination region (Prec) isigiven
by Equation 12, which is similar to how the power loss/gain due to recombination in [67] was
determined. Pr < O indicates a net plasma heating by volumetric recombination{e.g. €I, > Pz,;iec)'
H,
Prec = ra;ec — €l (12)

The value of P on TCV is small, whether slightly positive or negative, (see section 4.1.5, [1].
Recombinative plasma heating may occur in higher density/lower temperature devices where a
significant portion of recombination is three-body recombination [4]. Throughout this work, ‘effective
recombination coefficients’ are used which account for all types of recombination expected given the
plasma conditions [53].

We now rewrite Equation 8 using the definitions of equations™, 10, 12 into the newly derived terms:
Prect = Pion — Prec = tkai;lget (13)

As Preci is lowered through impurity radiation (while keeping Pgy canstant and Pion rising), a point can
be reached where P limits the power needed for ionization, Pi,n. The ionization source, |, would
then be reduced: ‘power limitation’. A reduction, of the'ionSource leads to less ions entering the
recombination region (where more losses can occur) and thus a reduced target current, I;. As part of
this ‘power limitation’ process P,_l‘aifgetalso drops‘and the temperature near the target drops (see
Figure 8 and Equation 8), making that region conducive first to ion-neutral collisions which are related
to momentum loss processes, and then, as the target temperature continues to drop, recombination.

3.3.1 Power balance measurements

To utilize the divertor power balance structure described above we also need to explain how the
various parameters are obtained experimentally. First, we start with determining the power flowing
into the Scrape-Off Layer (SOL) fromithe core plasma, Pso.. Since the discharges included in this study
are Ohmically heated (Pypm), Pso. is obtained by subtracting the core radiated power (PS25°),
measured by foil-bolometer arrays (see section 2 and [1]), from Ponm. The power flowing to the outer
divertor is Pg;,, = a Ps4r, Where a denotes the fraction of Pso. flowing to the outer divertor. In a
previous study [68], it wasfound that the power asymmetry depends on poloidal flux expansion (fy)
and plasma current. Here Pin/Pout (Where Pin, Pout is the power measured at the inner/outer strike
points respectively).of .1 was found for high plasma currents (340 kA, reversed field) and high values
of poloidal flux expansion (fx = 6) during attached and low divertor radiation conditions. Given that
we assume for this investigation, a ~ 0.5 for the plasma conditions (flux expansion; plasma current)

of #56567 (340 kA, fi™~'8).

Pgiv = a(Popm — fgge (14)
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Figure 9: Power balance investigation=for the outer
divertor for pulse #56567 a): ion target flux, ionisation rate
and recombination rate; b) break-down of total radiation
and its contributors; c) comparison between power
entering outer divertor leg, Pgi,, the power entering the
recycling region/Pre., and the power needed for ionisation,
Pion; d) comparison between Pg;, and the outer divertor leg
radiative losses plus the measured power deposited on the
target by the IR for consistency.

To obtain P, first we need to estimate Pyaq™",
which requires separating out the impurity
radiation from the hydrogenic radiation. Using
Equation 15, this can be done by obtaining.the
divertor radiation, Pr.g, from bolometryswhile
estimating both the hydrogenic radiation P g™,
Prad™"®¢ through spectroscopic.means [1;2].

imp __ H,exc Hrec
Prad = Praa — Prad - Prad (15)

Figure 9 displays the result of our derivation of
the various power channels for #56567; similar
gualitative trends are found for{the other two
discharges presentedsin’section 4.2. As the core
density ramp proceeds, divertor radiation
increases until the ion target current roll-over
(Figure 9b). Impurity radiation is dominant (x 4)
over P.¢"®“with recombination radiative losses
essentiallyvignorabled This impurity radiation
results in a constant decrease of P,.,.; during the
core_density ramp while Pg;;, remains roughly
constant. Tth indicates (intrinsic, carbon)
impurity radiation plays a key role, even in non-
seeded.density ramp discharges, in reducing the
power reaching the recycling region in TCV,
enabling detachment.

As, the core density ramp proceeds, Py, and
P;,n, grow closer together until Ppe~ 2 Py at
the detachment onset (~0.83 — 0.87 s) and
P;on~Precr at the ion current roll-over (negative
slope It ~1.05 s) (Figure 9c). This quantitative
information suggests that the ion source is being
limited by the power available, Prec. When Pre
has dropped to roughly Pion, Piarget‘™ << Prec —
implying that low target temperatures are
achieved as is expected from detachment and is
observed (section 4.1.1). In that sense,
Preci~ 2 Pion, (e.8. Ptargetkin ~ % Prd) at the
detachment onset is expected as some power,
beyond ionization, is required to maintain a
target temperature.

Figure 9d includes a check of the overall divertor power balance. The sum of the total radiated power
and.the powerreaching the target, Prag + Prarget™ (the latter term from IR measurements), is compared
with the power flowing to the outer divertor region, P;;,,, and the two match within uncertainties,
giving confidence in the Py;,, determination. Note that Prag + Piarget™ is N0 longer shown after 1.05 s due
to failures in the IR background subtraction algorithm.

18

Page 18 of 47



Page 19 of 47

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-103350.R1

4. Discussion

The results shown in section 3 of this paper show a strong particle balance correlation, in magnitude
and time dependence, between the ionization source and the target ion current. This implies,the ion
current roll-over occurs due to an ion source reduction as opposed to an ion sink. In section3.3:we
also calculate that the power required to supply the measured ionisation source is approximately
equal to the power flowing into the recycling region (Prq); power limitation of the ionization source.is
occurring.

In the following discussion we utilize reduced analytic models to predict the detachment threshold
and the accompanying target ion current (ion source) behaviour. These predictions are compared
with observations and are used to investigate the relation between the target ion current and
upstream parameters. Such reduced analytical models take the minimum number, of necessary
physical processes into account to model various detachment characteristics. In addition, the
existence of other ion sources/sinks, apart from the ones treated in section 3,.salso considered.

4.1 Investigating the ion target flux trends in the framewark of pawer and particle
balance

We now investigate the influence of ‘power limitation’ on the ion,source more quantitatively by
predicting the target ion source through its dependence on power and target temperature using
power and particle balance [8, 12, 15] through the processes highlighted in Figure 8 & 9.

_ Preci—Eionlr _ Precl_ s *
I = Dot  (Brel )X P (T7) (16)
1
. ()= — 17
fion (TS 137 (17)

The target ion current, I, is calculated using Equation 16;where P..¢, Eion and T; are the independent,
measured, variables. Equation 16 is defrived.by combining the different power sinks presented in
section 3.3 (Equations. 8, 11) with the closed:box approximation (Equation 8). Though recombination
is accounted for in particle balance, it is assumed that it is neither an energy sink nor an energy source
(e.g. Prec ~ 0 in Equation 13), which agrees with spectroscopic estimates (section 4.1.5). The predicted
I, in this form, applies to the entire (outer). divertor, although this model is also applicable along a
single flux tube (neglecting cross-field transport of particles and heat). The target temperature, Ty, in
Egs. 19, 20 is therefore an effective averaged (weighted by the heat flux) target temperature [8], which
is not necessarily representative of the peak temperature at the target.

P ' . . : : . .
Er_—“l represents the maximum ion'source which could be achieved if all power entering the recycling
on
region is spent on ionisation. In'the absence of recombination?, f;,, () (Equation 17) represents the
_ YT

fraction of P,..; spent on ionisation, in which Ty = ——_represents the ratio between kinetic power
on
; L TeyT,
reaching the target and power used for ionisation ( a4l ).
tEion

. . P
1 Equation 16(can be re-written I, = f§ x <t x 1+1T

o
Eion t

. . 1 . - .
in which g = I—t represents the fraction of ionised particles
1

1

reaching,the target and o7 represents the fraction of P, spent on ionisation even if recombination is
t

present [35], in which T;* = B ;Tt
won

power required for ionisation. For the case discussed, § > 0.85 and hence can be neglected.

represents the ratio between the kinetic power reaching the target and the
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It should be clearly noted that since 15 T T ¢t
. . E X TF[DSS]
Equation 16 requires Tt as a measured k
T [BOLO]
input. It does not take explicitly into n TtR DS
account that changing the power 10 . [DSS] -
entering the recycling region also

influences the target temperature.

(9

4.1.1 Target temperature estimates
Obtaining the target temperature
during detached conditions is
challenging as T, measured by

Target temperature (eV)

. _ 0
Langmuir probes often overestimated 0.6 0.8 1.0 1.9
in detached low T, conditions [41, 59, Tlme (S)
60].

Figure 10: Target temperature estimates from skctroscopy (excitation —
An estimate of T, can be obtained T recombination —Tf); power balance=T¢* and power/particle balance
modelling based on the measured fiom= Pion/Pred as function of time.; Tt™

spectroscopically from the line of sight derived from fun. Discharge #56567.

closest to the target, which yields two
different target temperatures [2]: one target temperature thatsis characteristic of the recombinative
region (TR) along the chordal integral and one target temperature that is characteristic of the
excitation region (T£) along the chordal integral. Those are both likely an upper limit with respect to
the actual target temperatures as the chord views the séparatrix region at ~ 5 cm above the target. As
a consistency check, these spectroscopically-derived target temperatures are compared with a target
temperature derived from power balance (TtPB — Equation_18), which is obtained from Equation 7.
Since T2 is obtained from the kinetic power reaching the target, T/Zcan be regarded as a heat flux
averaged target temperature.

TtPB — Paiy=Praa _ € (18)

1253 Y

All three target temperature estimates show a decreasing trend as function of time, reaching target
temperatures of 1-2 eV at the end of the.discharge (Figure 10). TE and T? agree within uncertainty,
whereas T (shown from 0.9 s onwards, since,recombinative signatures are large enough to observe
at this time) starts lower and decreases less strongly as function of time. TR is likely lower as
recombination-dominated emission increases strongly at low temperatures and is thus dominated by
contributions from lower-tempefature parts of the plasma along the line of sight. We utilize TE in the
following prediction of the targetion flux roll-over (Equation 16). This is appropriate as the excitation
emission weighted temperature, Ty, is likely similar to the heat flux averaged temperature, as most
excitation near the target occurs at the highest heat fluxes.

4.1.2 Comparipngsthe meastired and predicted ion target flux

Power and particle balances;as included in Equation 16, provide a quantitative prediction of the target
ion current behaviour through the attached and detached periods for pulse #56567, discussed earlier
in section 3.2 & 3.30 This requires four input parameters: First, P, is derived from subtracting
impurity radiation losses from the power entering the outer divertor (Equation 13, section 3.3) — using
Psoi,«bolometry-and hydrogenic radiation (obtained spectroscopically) estimates. The other three
parametersare E;,, (obtained using Equation 11, section 3.3), T; (for which we use T:f), and I,. (section
3.1-3.2). All three latter parameters needed for equation 16 are directly determined through
spectroscopic inferences [2]. The predicted ion target flux is in good agreement (in magnitude, trend
and roll-over point) with experimental measurements of I; (Figure 11a, b). This shows that the ion
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#56567, #56571 target flux can be described fully in terms of the

. . . P
maximum possible ion source, Er_e”, and the
mon

recombination sink, I, once T{ is knowin.

The inferred maximum possible ion.source;

recl

};7, is of order 2x the measured ion source (Fig.
9), I, at the detachment onsét (e.g. deviation/of
ion current trend from its linear‘reference which
coincides with the roll-over of the separatrix ion
target current for this particular discharge),
which corresponds to figa™0.5. This eritical point
is consistent with the .empirical detachment
threshold found in section 3:3; Figure 9 (0.83-
0.87s). fion~0.5 can also be written in terms of
the target temperature (Equation 17): T ~1 —

E; .
T, ~ ‘;’“, which oceurs when the black trend

crosses .the red. trend in Figure 10; again
consistent withithe detachment onset.

Figure 11: a) Predicted ion target flux based on power Theg,dynamics of the target ion current
balance compared with measured ion target flux as  describedy by Equation 16 is a competition
function of time. b) lon loss (similarly defined as in section
3.1) as function of time for the ion target flux predictionion
source and the measured ion target flux. Pulse #56567.

) P
between two competing terms — (Er—e”—lr)

ion

and fion. (

ramp while fion increases, driven by both the drop'in T: and increase in Eion as the divertor cools. The
increase in fion is stronger in the period upto fion™0:5;leading to a net increase in the target ion current

before detachment. The increases in fi,n are small after the detachment onset (fion> 0.5 & T:'<1) and

Precl
Eion

integrated ion current roll-over starts at a higher f;,,~0.7 , where Tt~§~2 eV. When T; reaches this

P i i
E“’Cl — IT) decreases during a density

ion

become insufficient to fully compensate the drop of , resulting in a flattening of I.. The target

level and drops further (e.g. T+* appr\oaches 0), one can approximate the target current as It ™~ (Prec/Eion
—I;). This observation is operationally sufficient to state that the ion source is becoming limited by the
amount of power flowing into the recycling region; e.g. one can predict I; only given Pre/Eion and Ir. In
addition, when such temperatures:are achieved, volumetric recombination can become a significant
ion sink. All of this must,however,be consistent with a target pressure drop faster than Ti/? (equation
2).

4.1.3 Comparingsthemeasdred and predicted power fractions of ionisation

The trends in f;,, provide additional physical insight into the power dynamics of the recycling region
and provides further means of comparing the power/particle balance model against experimental
measurements. Thatis important as the functional form of fi.n (equation 17), with the sheath target
condition, leads to an analytic detachment onset [11, 12, 15] prediction at fion = 0.5, as we will derive
in section'4.2.and A.1.

First, as shown in Equation 17, f;,, can be predicted based on T;". f;,, can also be inferred directly
from the_experimental spectroscopic observations and power balance as fion = Pion /Prec. The
experimental inference (solid lines) agrees with the predicted f;,, (symbols) within uncertainty
(Figure 12b). Secondly, given a measured fion and Eion, one can model T; (labelled T:™) and compare it

21



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-103350.R1

to the various experimental T estimates. This comparison is shown in figure 10; indicating quantitative

agreement within the uncertainty.

1 - + +l+ X T, ! !
i +_|_ e, | a _}:
[ Hky _|_+ - + ++;|_ Jr++—|— ]
™ kin "jon +++-|- _{_-H’{‘—I:t ., 7]
0. 5 e T _1-_ i _-I_ ——————— = J‘\-‘.-+—+-:
target -|-‘|‘++ +—|—+‘|‘—|— bt 7
[t gy
JI_ =

0[ 1 1 . 1

0.6 0.8 1.0 1.2
Time (s) 3

- -+ Model prediction
Experimental result
fiun = Pi*:m / P

S 0.5 R Ol T\ TR .
* e
|+ Model predi
2 Experiwental result
+ /f =lyT/P
? ' \ l rll‘l l. t relcl : \
"+ Model prediction i
[~ Experimental result 7
— fpot = ItE j P recl
o]
2 051 target

-+ Model prediction
Experimental result

d T f}arget = Ptarget [|I R] f Pre-:l

Time (s) Time (s)

Figure 12: a) Break-down of the modelled fractions of P spent on ionisation; reaching the target; reaching the target
in the form of potential energy and.reaching the target in the form of kinetic energy (based on T:"; Egs. 19, 21, 22). b-e)
Comparison between the directly. measured fractions with uncertainties and the modelled fractions (based on T:"; Egs.
19, 21, 22) with uncertainties. Data obtained from IR imaging has been omitted from t>1.05 s due to a failure in the

background subtraction algorithm.

Similar fractions tofion can beiderived, which model the fraction of P reaching the target in the form
of kinetic/potential energy. These can be similarly compared to directly measured fractions to further
validate the power/particle balance model, see Figure 12c-e. All of those directly measured fractions,
analysed using a Monte Carlo probabilistic approach with uncertainties listed in [2], agree with the
mogdelled power fractions as shown below indicating that a simple model based on T; and Ej,n can
indeed predict the various power fractions. All modelled fractions are shown in figure 12a.

Since fioniis the fraction of P,..-; spent on ionisation, we can also calculate the fraction of P, left
after passing the ionisation region in the form of kinetic energy (Equation 19) — fii» which is compared
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with a ‘directly measured’ fin, Which is fiin = Ptarget™" / Preci and Ptka"fget = I; yT¢; |t is obtained from
Langmuir probes and T; is the target excitation temperature estimated using spectroscopic analysis —

Figure 12c.

T

T;
frin = ot zl_ﬂonzﬁ (19)

YTe+Eion

The other fraction of P Which reaches the target is power, in the form of potential energy, spent on
neutral -> ion conversion (ionization) in the recycling region ( €l;) assuming no volumetric

recombination - provided by Equation 20. Again, this modelled fpo: is compared, with,the directly
pot

. P Ie . . .
estimated f,,; = —2= = —t— in Figure 12c where Iy measured by Langmuir probes was used.
pot Prect Preci
_ €/Eion
fpot = 1T (20)

The fraction of P...; deposited at the target is the sum of the kinetic and potential terms: fi4,ger =
frin + fpot» Which decreases as function of time (Figure 12e) from 90% t0740%. That modelled value
is compared with the measured firget = Piarget / Prec, Where IR measurements of the total power
deposited at the target are used with an assumed 50% uncertainty on the measured Piarger. When fiin
approaches 0, f,,,; becomes the lower limit for fi4,ge¢, and thus the power reaching the target, can
attain: for T." -> 0 and Eion ~ 40 €V, frarget = foor ~ 0.35. Volume recombination (or a further increase in
Eion) is required for a further reduction of fiarget.

4.1.4 The case of power limitations and its implications 2

In the previous sections we have shown that an analytic model, accounting only explicitly for
power/particle balance, using measurements of Praa, Eion, Tt €an predict several aspects of detachment
in quantitative agreement with the experiment. We re-iterate that this must be consistent with target
pressure loss (equation 2). Essentially, this is accounted for intrinsically as momentum losses play a
role in the relation between the measured parameters,Prec, Eion, Tt. Below we indicate we discuss the
case of power limitation and its implications further.

One could imagine that the target ioncurrent controls the upstream ion source as neutrals created at
the target are needed for ionization'upstream [11, 12, 15]. However, those neutrals would accumulate
if Preci is Not large enough to ionize them. This appears to be the case as the target ion current is
strongly reduced in detachment, sineeithe divertor neutral pressure (measured by baratron gauges
[38]) stays high and even increases while the ion source is decreasing [38]. This is similar to C-Mod
observations [69, 70]. SOLPS simulations [35] indicate that the neutral density averaged over the DSS
chords (weighted by the excitation emission profile), as well as neutral pressures obtained in the
simulation, increase/during.detachment while the neutral fraction (no/n.) remains roughly constant
[1, 21.

Some might suggest that thé ionization source drop is not driven by limitation of the power available,
but a natural consequence ofilow target temperatures (<5 eV) where the ionisation probability (e.g.
the number-ofiionisations per neutral per electron per volume) is low — so fewer ions are created.
However, such logic implicitly assumes that the neutral density and/or the power into that region is
fixed. Another issue with that logic is that ionisation is a volumetric phenomenon and thus cannot be
ascribed by onlytarget parameters as the ionisation region expands from the target and can move all
the way to the x-point.

It is truethat as T: drops, Eion rises due to the additional excitations needed for each ionization and we
point:to. this as a contributing factor in the loss in divertor ionization. However, using power/particle
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balance, we can make the statement that a low target temperature (T: < Eion/y) is a consequence of
power limitation of the ionisation source, as Prec/Pion < 2. Thus the direct cause of target ion current
loss before recombination plays a significant role is power loss. This must occur coincidentally with
target pressure loss (eq. 2), which is attributed (at least in part) to the formation of volumetric
momentum losses — likely due to Tt < 5 eV.

4.1.5 The variation of Ejon in detachment
Applications of analytic modelling often assume Eion to be constant [4, 8, 11]. Thexcitation radiation

H,exc

component (P““i ) in Eiong(Equation 11)"is

15 020 . #5657 however, strongly temperature dependant: as
w F X | the divertor cools (<5 eV)more excitation occurs
“O; ok + 1 | i before ionization happens. During the density
_5 I, v = ramp, the effective te£1perature in the
b [ A ] ionisation region drops; leading to a factor of
‘9 5 - H,exc

rad

two rise in

- - i

of ionizatiohy(see Equation 11 and Figure 13b),
which results in'a,50% increase in the divertor

= FE;on-—€, the radiation cost

30 | >< PH eXC/ I

. rad A

T pH.ree; | leg averaged ‘Ein (weighted by the local

@ % 20 gm,eev) . ionisation rate).

o .

; S Both hydregenic (through increasing Ei,n) and

8 = 10F . impurity radiation (through lowering Prec) can

B 1 play ‘significant roles in reducing the number of

98 : t : t l t ionizations during detachment, despite the

= + PLSC 11, (6 om from targe) magnitude of hydrogenic radiation being much

8 < [ X PLa /1L (25 em from targe smaller than impurity radiation. This is

% 3 60 € (13.6eV) demonstrated by the fact that the maximum ion

; S source ( m’) decreases ~30% between t=1.0

o 30 Eion

o and t=1.25 s, due to a ~10% decrease in P and

a ~25% increase in Eion. The importance of Eion
was also raised in 1D modelling [71].

We also investigate the divertor profile of the
Figure 13: a) Target ion flux'as function of‘time together

with ionisation rate and recombination rate. b) Effective
radiative energy cost 4per vienisation/recombination. c)
Radiative energy cost per ionisation along a certain chord

excitation cost of ionization (Ein - €) along
H,exc

different viewing chords, %‘LL. Poloidal
L

temperature gradients lead to strong variations

H,exc H,exc
of r;"dL alongthe divertor leg as shown in Figure 13c. In the region close to the target r? L increases
L L

up to 80 eV. In hotter regions of the divertor leg (chords further away from the target), where most
ionisation takes place (Figure 13b, c), the excitation radiation cost per ionization is 15-30 eV. Variations
in geometry (e.g. closed vs open divertor, vertical- vs horizontal-target), which lead to variations in
recycling andineutral penetration, could influence the location of the ionisation region and thus could
affect the dynamics of the target ion current loss through a change of Ei.n, amongst other changes.

Whether,recombination can heat or cool the divertor plasma is determined by the competition
between the energy loss due to recombinative radiation and the potential energy released back to the
plasma upon recombination [9, 67]; as the plasma temperature and density vary the relative strength
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Figure 14: Comparison of target pressure and upstream
pressure. a) reference total current to the target, total
ionization source and recombination sink; b-c) Target
separatrix’ pressure (p:) and (p: / T#/?) ratio based on
spectroscopic measurements (Stark broadening + excitation
temperature of the chord closes to the target); d) Upstream
separatrix pressure from Thomson scattering; e) Plasma
(core) stored energy from the diagmagnetic loop signal..

of two- and three-body recombination varies as
well as the level of recombinative emission. For
the TCV conditions investigated we find that the

effective radiated energy loss per
PH,rec

recombination event ( r;“i Figuré 13b). is
R

roughly equal to the potential energy. Thatis
not surprising, considering' the modest,-TCV
densities: ADAS
effective heating of 0 — 1 e¥.per recombination
reaction at Te = 1 eV for neinbetween 108 - 10%°
m3, using a similar calculation as done in [67]
(e.g. Prec in Equation-12 divided by R.). Hence,
volumetric recombination~does not lead to
significant plasma heating/or cooling for the
TCV conditions presented:

calculations “indicate  an

4.2 Investigating the target ion flux
trend$ “im,_“the framework of

morentum balance

Incthe previous section we have investigated
the targetiioh flux trend in the framework of
power and particle balance of the entire SOL. In
this section, we add momentum (pressure)
balance [4, 9] to the power/particle balance
analysis of section 4.1 such that the target
temperature is now predicted instead of set by
measurements. This enables a single flux tube
comparison of the observed detachment
dynamics and onset with additional predictions
from simplified analytical theory; the preceding
work has all been for the entire outer divertor.
In this discussion, only the electron pressure is
considered and the target pressure, py, is the
total target pressure (e.g. twice the kinetic
target pressure).

Trends in target (p:) and upstream (p.) electron
pressure are compared in Figure 14. By
assuming pt: ~ pu before detachment, p: appears
to be significantly underestimated by ~ x2.
Synthetic diagnostics through SOLPS [2]
indicate that this difference is due to chordal-
average spectroscopically
estimated target pressure. Both the upstream
and target pressure are observed to roll-over at
the target ion flux roll-over (Figure 14b, d). The
upstream density saturates simultaneous with

nature of the
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a roll-over in the upstream pressure, while the upstream temperature drops (Figure 4). The reduction
of the upstream pressure during detachment has also been observed in, at least one, other device(s):
COMPASS [10].

It is striking that the roll-over of 1) the ion target current & divertor ionisation (figure 14a); 2) the
upstream pressure (figure 14c) and 3) the plasma stored energy (figure 14e) all occur simultaneously
within uncertainties. This may indicate that the cause of the upstream pressure roll-over during
detachment is a deterioration of the plasma stored energy, which may be caused by enhanced core
radiation.

As discussed in the Introduction (Equation 2), at any point during the dischargej the target ion flux
scaling can be written as I, o p, /T2, i.e. the target plasma pressure must drop faster than T2 at
the target ion flux roll-over. This is approximately observed (Figure 14 c). However, pt/TtO'S is expected
to deviate from linear from the detachment onset onwards, which is notthe case. That discrepancy
could be due to line integration effects as explained previously. T, < p, /T2 (equation 2) links the
trend in the ionisation source (section 4.1 - Equation 16) to the trendiin the target pressure (Equation
2) and is thus crucial for understanding the complex interplay between momentum balance and
ionisation balance.

4.2.1 Modelling total target ion current behaviour with both'pewerand momentum balance
We utilise a ‘two point’ divertor model [4] , which accounts for hydrogen recycling energy losses, to
model the total target ion current. We refer to this as the:s’2PMR’, discussed previously in literature
[4, 11] and more extensively in [9]. See appendix A.1 for a full derivation and in A.2 we demonstrate
how we apply and evaluate the 2PMR. Our first goal of the application of the 2PMR is to verify the
expected ion target flux trend in attached conditions. For this;pressure constancy along a flux tube is
assumed and since py is a set input to the 2PMR, .the target pressure p: is fixed as well. Under such
conditions the 2PMR provides two possible solutions: one stable and one unstable. We assume in the
following (section 4.2.1, 4.2.2) that the unstable solution cannot occur.

The 2PMR vyields a relation for the target temperature (Appendix A.1 Equation A.5) as a function of
Pu

Arecl

Eion and [4, 9, 11]. We obtain the flux tube specific qreq from Preci (Which is for the entire outer

divertor) by assuming its shape is/exponential with the same SOL width as the measured IR heat flux
profile (see appendix A.2). The 2P%R-predicted T: can be used to predict the target ion flux density
(Ty in ion/s m?) on a single flux tube, as shown in Equation 21 (Appendix A.1 Equation A.8). It is
important to note that the 2PMRT; relation (Equation 21a) is identical to the flux surface equivalent
of Equation 16 (while using the 2PMR predicted T: - Appendix A.1), which is shown in Equation 21b for
reference to the reader. The:2PMR thus connects the standard two-point divertor model with the

power/particle balance model discussed in section 4.1. Here fj,, (Tt(Eion,qpl),Eion) denotes that
recl

fion (O fiin) is @ funetionof Ei.nand Ti, which is a function of Eion and pu/grea (assuming pressure balance).

_ 4
[, = - (21a)
2 miqreclfkin(Tt(Eionrr:Cl)rEion))
q p
Ft = Er.ECl X fion (Tt(Eion:q “ ):Eion) (21b)
ion recl

Tocomparethe experimental measurement of the total target ion current I; (as opposed to [}) to the
2

2PMRj we .integrate I} across the SOL. I; can then be modelled using Pp—”, fin (Tt) and f,. f
recl

parametrises the influence of the py, grea Spatial profiles as well as the divertor magnetic geometry on
l¢ More information is provided in appendix A.2.
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Lxf, x i (22)
m; fkin p Precl

The observation that I; scales linearly with the upstream density in contrast to the DoD scaling has
been pointed out previously [38]. Both the trend and absolute value of the ion target flux prediction
by Equation 22 agrees with the measured target flux in the attached phase as shown in Figure,15a,
showing a clear linear increase as function of time (and thus upstream density — section 3.1.1). Hence,
simply using I; « ng,u , on which the “Degree of Detachment” (DoD) [7], a parameter often,used to
investigate the magnitude of the ion current loss during detachment [24, 38] isubased, ‘is not
appropriate for the TCV density ramp discharges studied. Similar in-depth investigations, where
changes in pu, grec, Eion (Or even py, q:) have been accounted to model the expected |; trend have not
(yet) been carried out on other devices. It is thus unknown whether the oftén assumed./; x nglu is
valid for other machines; the scaling I; « néu should be verified through the more complete analytic
model of equation 22 before the simplified DoD based on assuming I; « nglu is u\tilised.

2
In Equation 22, the main influence on It is Pp“

(see Figure 15b for allthe terms). This basic scaling (or

recl
P{

[} « ) not only arises from the 2PMR, but can also be obtained from pressure balance (n,T,, =

Arecl

2n,T;), the sheath target Equation (gq; & ntTt?’/z) and an equation for:the (kinetic) target heat flux

2m2
(q¢ = It T). This results in [, o« nl:IT“ (equivalent to Equation 5.13 in [4] of the basic two point model),
t
2m2
providing an identical relation for the target ion flux(as Equatiog 21a. Additionally, the I} « n:T“
t

scaling is also equivalent to the relation used in [7] for defining the degree of detachment originally
(which is obtained by using equations 3,4,8 in [7]). Considering that scaling, even if Ty, Qrec, Eion are
held constant and only the upstream density is increased, a different scaling than [} « ng’u is expected
when recycling energy losses are accounted for as the power flux required for ionisation is increased
at higher densities, reducing q: = grea fin in'the process.

Pz . . T2 .
Y increases linearly asin, P—“ must decrease roughly as 1/n,. Given that P.. decreases

recl recl

during the density ramp (Figure 9), Ta(Figure 10a) must decrease more strongly to give this scaling. As
P4iv is roughly constant throughout the discharge (Figure 9) a decrease of T, could result from an
increase in cross-field energy transport in the SOL (SOL broadening is measured by IR thermography
to increase [44] by over a factor 3 until detachment is reached for the discharge shown). Alternatively,
the decrease of T, could be partially due to an increase in convective over conduction parallel heat
transport [4]. Such trends, could be different in TCV to other devices, which is subject to further
investigation. This decrease of T, is qualitatively consistent with TCV SOLPS modelling [35, 56], which
reproduces the linear I; (or'secaling I[;) in attached conditions. It is, however, likely not related to the
open geometry of the TCV divertor as this reduction of T, during a density ramp is also observed in
TCV baffled SOLPS modelling [56]. MAST-U SOLPS-ITER simulations also indicate a I; < n,, trend in
the attached phase [64,/72].

Since [; «
P
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Figure 15: a) Measured and predicted target ion flux trend. b)
Break-down “of the contributors to the predicted ion flux. c)
Measured pup/ Grecyet cOmpared to the critical predicted level. d)
Inferred momentum losses from spectroscopic estimates. e)
Measured upstream pressure compared to critical pressure level
with and without momentum losses.
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A previous TCV study concluded that the
observed linear trend of I; with n, indicated
that the divertor plasma was in_a low-
recycling operation [37]. However, given our
measurements that the target ion ecurrent is
dominated by the divertor ionisation source
(section 4.2) and that I is.properly predicted
by the 2PMR (which assumes, that all target
ion current is due to divertor jionisation)
strongly supports a characterization of the
divertor as high-recycling.

4.2.2 Detachment thresholds and
implications #gor mamehtum/pressure
losses along a fluxtube (separatrix)

As shown in Figure 15a, the 2PMR (where,
for this case, we»assume both constant
pressurealong the field line and a prescribed
upstreamypressure) can only be used to
estimate [ until 0.8 s, at which time the
2PMR,under these assumptions, no longer
obtains,asolution (appendix A.1).

It is evident from Equation 2 that the ion
current together with a
fixed/decreasing target temperature, must
be accompanied by target pressure loss

roll-over,

( Py « FtTtl/z). The power and particle
balance model discussed in section 4.1 (eqs
19,20), indicates that I} is a function of T: as
there is a trade-off between using power for
ionisation and the power flowing to the
target expressed by fion — Equation 17.
Combining this with p; « l"tTtl/2 has two
implications: 1) the target pressure cannot
be increased indefinitely, and a maximum

. Arecl .
exists i =——5—), 2) this
( Pecrit 2ycS(Tt=E;’”)) )

maximum is reached at a certain threshold

E; .
(T, = ‘;") where further decreases in T;

lead to a smaller increase in I} than
predicted by the decrease in 1/T:*2. That
critical maximum target pressure (or
threshold) is reached at ~0.83-0.87 s. The
changed relationship between I, and T2
must be provided by a drop in p: this
corresponds to the deviation of the ion
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current from its linear (attached) trend. Solutions beyond this point are not allowed by the model
assumptions of a fixed p, and constant pressure along the field lines. It is thus not surprising that the
2PMR, under these assumptions, cannot model the ion current roll-over and thus only applies to
attached conditions.

The above threshold of the 2PMR model is where the target pressure is maximised and target pressure
loss is necessary as I (Ti) starts to rise slower than T (Equation 16, 17), has been suggested by
Krasheninnikov [11, 15] to be a ‘detachment onset criterium’: for target temperatdres below this limit
insufficient power is transferred beyond the ionisation region to sustain a sufficiently. high target
temperature for the target pressure (which is collapsing) to match the upstream pressure. Stangeby,
although not calling the above limits a detachment threshold, argues properly that torreach T: < Eion/Y,
processes which continuously lower the target pressure as the target temperature becomes lower
(e.g. the target pressure must be a specific function of the target temperature) is required [4, 9]. This
can be achieved by volumetric momentum losses (as shown explicitly in [9]) and/or by assuming p.
drops as function of T:. See appendix A.1.3 and [1] for more information.

These ‘detachment thresholds’ can be written in three different forms, given by Equation 23, as shown
in Appendix A.1. Without any knowledge on momentum loss, these thresholds represent the lowest
temperature at which target pressure loss must occur. We expect these thresholds to correspond to
the detachment onset as target pressure loss must occur at the detachment onset.

We have found thresholds given in equations 23b,c experimentally (section 3.3, 4.1, Figures 9,11) to

be empirical thresholds for detachment. A third (equivalent) threshold (Equation 23a) can be derived

from the 2PMR (Appendix A.1) [11] providing a critical maximum target pressure p .,
Arecl

T Under the assumption of pressure balance, thisiis commonly written [4, 11] as a critical
2ycs(Te=

on
)

threshold for py / grec, above which py / grea cannotrise (Equation 21a - assuming p: = pu), Where ¢s is

Eion

_— (pt /- Qrect)crit, Which applies to a flux tube — not the average over

the target sound speed at T; =

the divertor, is compared to the experimentally.inferred pu/greq in Figure 15c. The increase in py/Qrec
is mostly ascribable to a drop in grecr during the pulse.

Ptcrit = QreclE' ( <z ) = ;E (23a)
ZVCs(TFin) Arect’/ crit  ycs(Te= l;n)
Eion
Toerie = 22 (23b)
1
fion = 2 (23c)

This third critical limit (eq. 23a), evaluated at the separatrix, is also reached at the detachment onset
(~ 0.83-0.87s, where the integrated target ion current starts to flatten and deviates from the linear

Eion

trend) (Figure 45c). This issimilar to the other detachment criteria (fion= 0.5 (Figure 12a), T} =
(Figure 11)). As discussed earlier, 0.83-0.87s also corresponds to where the separatrix current density

starts to roll-over forthis particular case (Figure 4b).

4.2.3 The;2PMR and pressure losses
Thesmeasured:-pu/grec rises above the (pi/qrea)erit threshold (figure 15 c¢), which is indicative of
volumetric momentum losses causing a separation between p, and p:. Defining momentum loss by py

fmom =npyrthen the separation of (py)eit and (pi)erit is accounted for by 1/fmom (Equation 24). This

equation implies that, given a known amount of fnom and py, crit, there is a certain maximum upstream
pressure limit consistent with those two parameters.
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Pteric 1
Pucrit = = E; (24)
crit fmom QreclfmomVCS(Tt: l;,m)

From Equation 24 we find that fnom Wwould need to start to decrease from 1 at the detachment griterion
to ~0.4 at the end of the discharge to match the measured pu/drea (Figure 15¢) to (Pu/Qrec)erit iNbthe
detached phase using Equation 24. Such momentum losses in the TCV divertor during similar
experiments have been determined directly from upstream and target pressure measurements [73],
implying momentum losses greater than 50%.

An independent estimate of the onset and magnitude of momentum losses based solely on the
dominance of charge exchange over ionisation can be made using the well-documented Self-Ewald
model [5, 74] (Equation 25) which has been used in several other studies. Such.an estimate assumes
that the charge exchange rate equals the momentum loss rate; e.g. each CX reaction leads to a
complete loss of that ion’s momentum, which is an overestimate. Although.the Self-Ewald model is an
oversimplified momentum loss model, it does yield results in fair agreément.with experiments and
simulations [5, 15, 74].

That agreement may arise ‘accidentally’ from the temperature trend of fmom predicted through the
Self-Ewald model, rather than the Self-Ewald model predicting the.underlying physics correctly. The
Self-Ewald model does not account for other momentum sinks, such as.molecular-ion collisions [74,
75] which could supply the over-estimated CX momentum losses. Although the level of momentum
loss due to molecules is unknown for TCV, we do know that molecules are present and undergoing
reactions in the volume of TCV from simulations [35]/s well as egperimental measurements of Da
[1]. Momentum loss can also occur due to recombination. However, from a simple SOL model [76] we
have evaluated the reduction of fmom due to recombination for.the case studied and found it negligible
(smaller than 1.5% — in agreement with results from[8]). In addition, differences in transport could
contribute to the observed and simulated pressure\loss during detachment — or instance, cross-field
transport may ‘smear-out’ pressure across thefield lines, leading to a reduction in the high pressure
regions near the separatrix [74].

With those caveats in mind, we integrate the spectroscopically—determined profile of charge-
exchange and ionisation rates along'the outer divertor leg (Figure 5e) to calculate the Self-Ewald from
as a function of time, Figure 15c. We thus derive fmom from measurements, as opposed to a prescribed
function fmom (Tt) as used in [4,9, 77}, which is unknown for TCV. This approach supports a roll-over in

the 2PMR but does not support T¢ < E;‘,’", which would require a fmom (Tt) parametrisation (see section

A.1 and [1] for more information):

As shown in Figure 5Sep.charge éxchange to ionisation ratios are higher near the target during
detachment than elsewhere in the divertor which, in the Self-Ewald model, results in larger inferred
momentum losses. Note that we use the local temperature (excitation), charge exchange and
ionisation rateestimates obtained spectroscopically for each chord, instead of the target temperature
(used in other studies) which we feel more accurately represents what is occurring; using the target
temperature would. have led to larger inferred momentum losses. Furthermore, SOLPS simulations
for TCV indicate that volumetric pressure loss can occur in the volume of the divertor [35]; not just in
front of the target as observed in simulations [77] for other machines, which may invalidate making
fmof @ function of the target temperature.

a+1l

fmom = 2 (L) ’ (25)

a+1

30

Page 30 of 47



Page 31 of 47

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-103350.R1

1
*= 1 f27TTi CXL (T'l',Zl')dZ
[ 2nr; 1,(r;, z;) dz

Our estimate of fmom, using the Self-Ewald model, drops from ~0.9 to ~0.3 ([0.2 — 0.4] with uncertainty)
is shown in Figure 15c, in agreement with the momentum losses obtained experimentally [62, 73},and
with the fmom required to explain the increase of pu/greq beyond the pi/qreq limit discussed.above. This
may be a coincidence — as mentioned above, the reality of CX collisions not carrying.away 100% of the
ion momentum may be compensated by ion-molecule collisions (not included) ecarrying that
momentum away [75, 77].

4.2.4 The case for divertor processes reducing the upstream pressure angdsdensity

The results of the previous section show that the rise of pu/qrec beyond its critical pt/grec limit can be
attributed, at least partially, to momentum losses. However, p, also drops during the detached phase.
The question of what leads to the drop in upstream pressure (and density) during detachment has
been discussed by several authors of analytic and modelling studies [11,12; 14]. In section 4.2 (before
section 4.2.1) we have already shown that this reduction in upstream pressure is correlated with a
reduction of stored energy in the core. This is one of the several passible explanations that may explain
the reduction of the upstream pressure. The reduction of the upstream. pressure and the role it plays
in matching pu/Qred to its critical threshold (Equation 24) is discussedshere further.

Recombination has been predicted to lead to saturation ofithe upstream density when its rate
approaches the ionization rate in a flux tube through a feedbackloop [78]: as nuincreases, the divertor
cools further, hence augmenting the recombination sinkand moving the recombination region further
towards the x-point, potentially impeding a rise inin, [78]. Thisis not the case for these TCV discharges
as recombination remains low and can be negligible. In.addition, the recombination region peak does
not move far off the target (Figure 5, [31]).

Krasheninnikov [11] offers another explanation for saturation of the upstream density. During
detachment, insufficient momentum losses along.flux tubes can constrain, or pull down the upstream
pressure. It isimportant to reiterate that, although an I; roll-over requires a target pressure drop which
increases faster than T,/? (Equatioh 2), analytically (from the viewpoint of the 2PMR) this can be
provided by either volumetric momentum lass’and/or a reduction of upstream pressure (Appendix 4).
However, experimentally, oneawould.like to avoid a degradation of the upstream pressure in reactor-
relevant divertor solutions as this can influence the core plasma [4]. This requires p, >> p: and
necessitates volumetric momentum loss to reduce p.

Using Equation 24, we make a.direct comparison between the measured (Thomson scattering) p., the
maximum upstream/pressure limit pycit and prerit (Which, in the case of no momentum loss — fmom = 1,
equals py.rit) as afunction of time (Figure 15e). The measured upstream pressure rises during the
density ramp, while py critfmom and prcrit drop due to a decrease in grea UNtil py crosses prerit and Pu,crit at
~0.8 s, the detachment©nset.point. After that time the target pressure limit decreases further while
volumetric. momentum' losses start to result in a bifurcation between the upstream/target critical
pressures. Despite this bifurcation, pycrit flattens and eventually rolls over, while p, continues to track
Pucrit. This,indicates that, even when considering the amount of observed momentum loss, the
observed saturation/roll-over of the upstream pressure is consistent with the model.

Detachment’ requires target pressure loss (eq. 2) which could be engendered by volumetric
momentum loss and/or upstream pressure loss. Our experimental measurements and analysis using
the,2PMR imply, given the amount of volumetric momentum loss, a saturation/reduction of the
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upstream pressure is required as well to reach pit. This is consistent with the measured reduction of
the upstream pressure. However, this consistency does not indicate causation: e.g. it does not show
that inadequate momentum loss on a given flux tube causes the upstream pressure to drop. As
suggested earlier, other processes, i.e. upstream or divertor cross-field transport (particles and/or
momentum), may be affecting the upstream pressure as well.

A commonly held assumption is that the upstream pressure remains constant/unaffected by
detachment. That assumption results in the (mis)understanding that all the required p: drop must.be
provided by only volumetric momentum losses. These TCV results, however, showthat bothhan
upstream pressure drop and volumetric momentum losses contribute to the ‘required p: drop.
Accounting for upstream pressure changes is thus crucial for understanding detachment.

4.2.5 The role of momentum loss and upstream pressure loss in target jon currehttoss

As described in the introduction, researchers generally look at detachmentwwith different emphases:
power/particle balance and momentum balance, which mostly focusseés on.volumetric momentum
losses. As explained earlier, the 2PMR, combines both points of view andinthe 2PMR both approaches
are equivalent (equations 21a & b, derives in A.1 equation A.8). The 2PMRpredicts detachment occurs
when power limitation starts (Pion ~ % Prec;; Tt ™ Eion/Y ~ 4-6 V), which corresponds to the point where
the ion target current increases slower than 1/T.>°, hence requiring a target pressure loss. Thus, both
target pressure loss and power limitation are required for detachment in ‘high recycling’ condition.
For a demonstration of the equivalence of pressure and power balance points of view we refer the
reader to Equation 21a & b, which was derived in the‘appendix as Equation A.8. which shows the
2PMR can be seen from either a power/particle or pressure/balance description — which are equivalent
in this model.

It is striking that the temperatures (T: < Eion/y ©4-6 €V) at which target pressure loss must occur
(2PMR), according to divertor-physics, corresponds to the temperatures at which volumetric
momentum loss can occur, according to atomiciphysics. This seeming coincidence of divertor and
atomic physics implies volumetric momentum, loss develops when power ‘limitation’ conditions
(Preci<2Pion) are reached, implying that power ‘limitation’ is a requirement for detachment for both
points of view discussed.

The results of Section 4.2.4 show that the /commonly held assumption that the upstream pressure
remains constant/unaffected«by detachment is not always true. Instead, the upstream pressure,
target pressure and any volumetric momentum loss must be consistent with each other. This means
the role of volumetric momentum loss can only be fully understood if all the processes influencing the
upstream pressure are‘understood. These may be divertor, scrape-off layer and core processes.
Examples could inclade changes in cross-field transport of energy, momentum and particles or
volumetric losses awithin a flux tube, or both. The reality, however, is that we lack a quantitative
understanding ofshow py is influenced by both the core and divertor plasma, which likely requires an
integrated core-edge model. Lacking such a model prevents us from fully ascertaining the role
momentum loss.plays in detachment.

Neverthgless, it issunlikely that momentum losses directly reduce the ion target current during fully
power-limited (Prec ~ Pion) detachment as |t ~ Prea/Eion (section 4.1) for those conditions: momentum
losses slow down the fluid velocity in a flux tube, but do not directly reduce the ion flux through the
tube. Target pressure loss is, however, a necessity to reach fully power-limited conditions. Momentum
losses may, in addition, facilitate detachment indirectly by allowing higher upstream pressures,
leading to higher divertor densities (for the same Te) and thus higher divertor radiation and higher
récombination rates.
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4.3 Investigating additional ion sources and sinks

Although the ionisation source and the volumetric recombination sink within the divertor are
sufficient to explain, within uncertainties, the target ion flux trend (section 3.2), additional ion.sources
and sinks may remain significant.

In this work we have assumed that ion sources outside the divertor, leading to ion flows into the
divertor (lyp), can be neglected as a source of ions reaching the target. While direct measurements of
ion flows into the divertor are unavailable, we can estimate such flows through Equation 26, in.which
M,, is the upstream Mach number and r the radial distance from the separatrix [79], which includes
fluid flows along the magnetic field but ignores several types of drift flows ssuch as ExB, flows.
Furthermore, this investigation ignores the influence of ionisation in the scrape-off-layer explicitly.

L,=~2m Mu%’:fsvggélmmxr 1, (1) T"‘T(:)dr (26)
~

To estimate the maximum possible l,,, we use My ~ 0.5, the upper bound of a previous survey of
upstream Mach number profiles across three tokamaks [79]. To compute this conservatively large Iy
(Equation 26), separatrix upstream densities and temperatures were measured using Thomson
scattering, while their profiles were measured
with a réciprocating probe (details are provided
in appendix A.2)» The resulting ly,,, shown in
Figure. 16nfor the high current density ramp
discharge previously discussed in sections 3 and
4.1,/4.2, increases during the core density ramp
which,of course, also raise the SOL density and
thus /. lyp remains small compared to the
divertor source of ions and the target ion
current except at the end pulse when
2 recombination starts to become significant and

the target current has rolled over. During

Figure 16: The target ion flux compared to'the ion source, ~ detachment, |y, increases to ~30% of the ion
inferred ion flow from the SOL and the recombinationirate. (outer) target flux and ion source.
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The overall particle balance (Equation 27)Wwould be consistent with the addition of our estimated Iy,
within uncertainties. Even with |l included, the ion source, |, remains the largest contributor to the
target ion flux and its«roll-over after.the detachment onset. Based on the measurements shown in
section 3.1; it is likely that this is the case also for lower current (e.g. lower density) discharges.

Ip=ly+1;—1I, (27)

lonisation in the.scrape-off-layer increases as the core density is increased according to SOLPS
simulations [18, 35,/56],.contributing to l,. This ionisation occurs either from recycled neutrals from
the main chamber or from escaped neutrals from the divertor.

Other passible sources/sinks that could affect eq. 27 are molecular activated ionisation sources (MAI)
and sinks (MAR). Evidence for molecular reactions which may lead to MAI/MAR has been found from
theimmeasured Da in TCV [1]. The measurements shown in section 3 indicate that the sum of all these
other ion sources/sinks as well as ion flows into the divertor region which also flow to the outer target
divertor.appear either to be negligible or to balance each other.
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4.4 Applicability of TCV results to other existing and planned tokamaks

A central focus of this paper is the development of target ion current loss in detachment which is set
in motion when the power flowing into the recycling region drops to twice the level required for the
ion source - grec/(Eion [t) ~ 2. This leads to a ‘power limitation’ of the ion source. This appears to.be
the main driver of the [; roll-over on TCV, while recombination has a much smaller effect and occurs
after the roll-over of I.. Power limitation can play a dominant role in ion current_loss during
detachment when I, is (almost) fully delivered by the divertor ion source (e.g. ‘high recycling’), which
is verified in this paper for TCV. The assumption that the divertor is in a high-recyeling condition is
more likely true for closed, higher density, divertors than for open divertors such@s TCV. That said,
the power asymmetry at the target changes with field direction [68] and preliminary. results at lower
plasma current between both field (B) directions indicate that the magnitude of possibleiion flows into
the divertor (lso. — section 4.3) may be changed with the field direction. Such changes are likely at least
partially due to drift effects [80]. This may influence to what degree ionisation contributes to the ion
target current. However, measurement accuracy is reduced in these lower pIasm\a current conditions
due to the low divertor densities reducing the Stark broadening density.inference accuracy.

A second question regarding the wider applicability of the TCV results is on the.timing (and magnitude)
of the significant contribution of the electron-ion recombination sink. In TCV, this is both after the
detachment onset (Pion/Prec ~ 0.5; Tt ~ 4-7 eV) and the target'ion current roll-over (Pion/Prec ~ 0.7; Tt ™
2 eV). Instead, volumetric recombination becomes significant at temperatures < 1 eV, which occurs
when Pion ™ Prea. Therefore, it seems that power limitation and the detachment onset (Pion/Prec ~ 0.5)
occur before volumetric recombination becomes significant, which'’is expected to be general even to
higher density and higher power machines as the argument based on temperature. ‘Power limitation’
(arect/ (Eion t) < 2 ) is thus expected to be a requirement in high recycling regimes to reach the conditions
for limiting the ion source and for lowering the target temperature to reach conditions for significant
volumetric momentum loss and then finally, recombination. This is supported by our quantitative
results and qualitative estimates on C-Mod [8]; analytic modelling as well as SOLPS modelling for TCV
[35] and that for other devices [12, 81].

However, how ‘quickly’ one goes from Pion/Preci ~ 0.5 t0 Pion/Prect ~ 1 (and thus recombination relevant
conditions) during detachment ¢an depend on a range of parameters (including how quickly
momentum loss develops [1]) and is\likely better addressed in fluid models of higher density plasmas.

When Pion/Prea ~ 1 conditions arefachieved, the importance of volumetric recombination on TCV is
significantly smaller than in higher density devices, such as C-Mod where volumetric recombination
can drop the ion target flux by a factor 10-100 during a core density ramp [8]. This could also result in
a more significant movement of the recombination and density peaks (front) at the deepest detached
conditions.

We note that theseffect of Ns-seeding to reach detachment strongly reduces the level and importance
of recombination as an ionsink for TCV. This does appear to scale to higher density tokamaks, such as
C-Mod [8] andhdET [32]. It thus seems generally true that volumetric recombination is not a
requirement for (roll-over) detachment.

We do_expect the characteristic gradient scale lengths of various quantities such as ionization,
recombinationand CX to be shorter (poloidal and along B) in tokamaks with higher densities and
parallel power densities than for TCV. Certainly the parallel heat flux would be 100x larger in ITER than
TCV leading to smaller parallel-to-B temperature scale lengths in absolute value and relative to the
divertor size ALy (ALg~AT /q, where AT'is set by the impurity cooling curve, ~ 10s of eV for carbon)
[82]; this would lead to more localized impurity radiation and ionisation regions than in TCV. In
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addition, higher density will lead to shorter CX and ionization mean free paths. Higher divertor
densities, for the same upstream conditions, may be facilitated by the planned baffle upgrade [83] of
TCV.

Operation in H-mode further shortens those gradients and leads to even more localised impurity
radiation and ionisation regions. Furthermore, it affects particle and power fluxes and may also change
the flow of the impurities in the divertor, which would impact momentum losses.

There is another likely key change in divertor characteristics engendered by larger P, and=q.
Intrinsic carbon radiation in TCV suffices to lower greq SO that it limits the ionization source during
density ramp discharges. However, as q is increased, reaching Prec~2xPion without:additionalimpurity
seeding is correspondingly more difficult to accomplish during density rampsr only, [84]. That is
particularly true for operation with high-Z metallic walls where we expect less intrinsic divertor
radiation, adding impetus to needing seeded impurities to detach. However, given that impurity
seeded TCV plasmas clearly show lower volumetric recombination (also trueforJET [32] and C-Mod
[8]) than for density ramp-driven detachment, the connection between seeding'and recombination
needs to be better understood.

In addition to the discussion above, several caveats for general divertor detachment investigations
have emerged from this study, relevant for detachment investigationsron other devices. First, the
linear increase of the target ion flux on TCV with upstream density. for an attached divertor is
consistent with considering all aspects of the 2PMR model:Thisipoints out that the often-used degree

of detachment (DoD) scaling (I} ocn_ez) must be modified to.account for changes in upstream
parameters (ne, Te) and divertor radiation. Lastly, target pressure loss during detachment can be due
to both volumetric momentum losses and a drop.in.the upstream pressure; it is unclear whether the
upstream pressure loss is driven by upstream processes (e.g. cross-field transport) or by changes in
the divertor, or both.

5. Summary

Spectroscopic measurements of the»TCV outer divertor plasma, combined with novel analysis
techniques, has enabled an in-depth studyof the roles of various processes (ion and power sources
and sinks) controlling the divertor target ion current during detachment. Of particular importance to
this study is the new ability to determine the poloidal divertor ionization source profile, and thus the
total divertor ion source. These novel measurements provide the first experimental verification that
the ion source (I)) in the. divertor.canibe the primary determinant of the target ion current (I;) from
attached conditions through. the detachment onset and I: drop (roll-over) in TCV. The volumetric
electron-ion recombinationyion sink is relatively small or negligible until after the roll-over of I; when
T: reaches low values. Volumetric recombination thus seems not to be a requirement for detachment
and should only.occur at.temperatures lower than when the ionization source is limited.

Our power balancé measurements during a core density ramp show that the onset of detachment
occurs at arpoint when the power flowing into the divertor minus divertor impurity radiation (the
power flowing into the recycling region), Pr.q, drops to a value that is twice Pion, the measured power
required for ionization (fion=Preci/Pion™2). At that point, the target temperature T;~ 4-7 eV and the target
ion/current deviates from the expected attached scaling (linearly with upstream density on TCV). As
Preat/Pion and T: continue to drop during a core density scan, the ion source and target ion current start
droppings(roll-over) at Preci/Pion ~ 1.4 (Tt~ 2 €V). As Preci/Pion approaches 1, where little thermal/kinetic
power reaches the target (T: <1 eV), the ion-electron recombination sink for ions can become
significant, but only after the divertor ionization source is limited by P... The above sequence, as well
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as power reduction to the ionization and target regions driving the detachment process, are expected
to be general beyond TCV. Essentially the same sequence is followed when using impurity seeding to
reach detachment where we find that the role of recombination is further diminished.

We have also shown that our experimental measurements are consistent with analytic and»2D
modelling predictions. Simple power and particle balance analytic models, using target temperature
measurements, predict the target ion current from attached through detachment onset and the
current roll-over in quantitative agreement with the I: measurement. It also shows'that the ion.source
can be written as a trade-off between the maximum possible ion source (Prec/Eion) andfraction of that
power spent on ionisation (fion = Pion/Prect), Which increases with decreasing Ti/Eion. The fion predicted
from Ti/Eion quantitatively agrees with fi,, obtained directly from spectroscopic measurements.

However, the ion source prediction from power and particle balance must also be consistent with the

sheath conditions (p; « FtTtl/Z) —asis done in the 2PMR’ model in this work: That consistency leads
to three equivalent quantitative predictions for the detachment onset: T; = Eion77 ~4-7 eV, fion= 0.5,

and pi/Qrec = T~ g N/MW. All three have been found to match, within uncertainties, the
2EionY

experimentally-determined detachment onset. The extension<{of the I prediction beyond these
thresholds requires pressure loss. The observation that atomicphysics supplies volumetric momentum
losses when the detachment onset criteria requires it (when requirediby plasma physics) is striking.

Our measurements have further validated the physiessincluded in the SOLPS modelling code.
Measured outer divertor poloidal profiles of ion/power sources; sinks and other plasma parameters
are compared with SOLPS predictions for three points in the detachment process with generally good
guantitative agreement.
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A.1 Two point medehwith recycling energy losses (2PMR)

In literatures[4, 11], the effect of recycling losses has been added to the Two Point model [4], which
we refer to as the:"2PMR”. In this section, a more explicit derivation of adding the effect of recycling
energy losses to the Two Point model is provided; which has been utilised for several predictions in
section 4.2. This 2PMR model provides both a quantitative criterion for the expected onset of
detachmentas well as predictions of the ion target current/target temperature given measurements
of Qrea, Eisn'and p: (or, assuming a known fynom of momentum losses, pt = fmom pu). A more detailed
discussion on this 2PMR’ can be found in [1].
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A.1.1 2PMR derivation

We assume the target ion flux (I;), on a single flux tube, is fully determined by the ionisation source
on that particular flux tube (I7) (Equation A.1). With that, it is implicitly assumed that both ion flows
from outside of the ionisation region towards the target as well as volumetric recombination insthe
divertor are negligible. Furthermore, cross-field transport of heat and/or particles is ignored:

It is defined that q,...; equals the kinetic part of the heat flux reaching the target g, =nyI; T; plus'the

power flux spent on ionisation E;,,,[;, yielding a relation relating qyec; to q¢, and T¢¢which,is defined

as the ratio between energy spent on ionisation and kinetic energy reaching the target Ty = ;’ L as

ion

explained in section 4.1. When thinking of the divertor as separate ionisation/recycling.and impurity
radiation regions, grec physically represents the power flux “entering” the recycling region. However,
our arguments do not depend on the localisation or possible overlap of these regions.

Eion
Grect = Eionli + q: = YL T} (1 + )
YTt

*

T,
= 4t = Qrect TtTt* = Qreci frin (A.2)

Using the sheath target conditions (Equation A.3), a relation for the target temperature as function of
the heat flux reaching the target and the target pressure pscanbe established (note that p: is the total
target pressure); which is similar to the “default” twopoint modelresult [4]. Here it is assumed that
the Mach velocity near the target is 1. We deliberately utilise the target pressure p;, instead of the
upstream pressure p, in equation A.3 to make'the derivation,more general

(A.3)

By combining Equation A.3 with Equation A:2 a prediction for T: is obtained (Equation A.4.1), which is
the central equation of the 2PMR. This equation can be re-written in a quadratic form (equation A.4.2)

N 2 2
— 2Mi(Grect\” (_¥Te
Tt - y? ( Pt ) (VTt'l'Eion) (A41)
2 2
2 (2Eion __ 2Mi (Qrect Eion _
Tt+( : yz(pt))Tt+y2 0 (A.4.2)

Before discussing solutions of equation A.4, which provide T: as function of Qrec, pt and Eion, first we
will utilise equation A:4.1 to derive two expressions for [; from the 2PMR.

First, we combine Equation A.2 and Equation A.4.1 to obtain a relation for the ion target current flux
in terms of py, Qredi, Eion and physical constants — equation A.5. This equation has an equivalent form to

vy v¢
2m;q
which-emphasizes the role of target pressure loss during ion target current loss as emphasized by
equation 2. Here fi, (Tt') is identical to fun introduced in section 4.1.

the ‘default’ TwoPoint Model expected ion target current trend (e.g. I} = where gt = qrecl fkin),

Eion
Qrect = Eionli + @ =y Tt (1 +
vT;
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T = Arecl — Qrecl VTt
‘ YTt + Eion y 2m; (qrecl)z ( yT; )2 Eion +vT:
Vz bt VTt + Eion
2
r[=—-7"Pk (A.5)

T2 m; dreci fkin(Tt*)

It is important to note that Equation A.5 is identical to Equation A.6 which is essentially the flux
surface’s equivalent of Equation 18. Here fion (T¢') is identical to fion introduced in seétion 4.1. Equations
A.5, A.6 can be evaluated using the expressions for fion, fun With the T result obtained by solving
equation A4.1.

E:
Arect = Eionli + 4 = yIt T (1 + lOTl)

yT:
. = Qrecl _ Qrecl Eion
t— - ~
VTt + Eion Eion Eion + VTt
Iy = 4 fion(T7) (A.6)
on

Therefore, the 2PMR essentially provides a bridge between the power/particle balance model
treated in section 4.1, and the ‘default’ Two Point model for divertor modelling, which emphasizes
the role of momentum balance. It also shows that an I} prediction from, power/particle balance
(equation A.6) accounts for momentum balance implicitly.through T: (which depends on momentum
balance/losses). Similarly, an I; prediction from momentum balange (equation A.5) accounts for
power/particle balance implicitly through including the target heat flux.

A.1.2 Solving for Tt in the 2PMR

Now that we discussed the implications of the equivalence of considering the ion target current from
power/particle and momentum balance point.of views, we will discuss solutions to equation A.4 to
obtain a target temperature estimate from the 2PMR using pt/dreci, Eion.

Equation A.4 can be solved eithef humerically or, under the assumption that p¢/drec (Or pu/qrec With
pu=pifmom) and Ein are independent/control variables to determine T.", analytically as a quadratic
equation, resulting in Equation A.7. Note that this explicitly implies that py/qrec (Or pu/Grec With
pu=pifmom) as well as Ein do net-have an' additional target temperature dependence apart from
equation A.4. In that case equation A.4.2'is not a quadratic equation anymore and cannot be solved
as such. Such assumptions are commonly used in analytic divertor models [4, 9, 11, 15] and likely apply
in attached conditions.

T, =4 (ﬂ (‘Hecl)z _ Elﬂ) + E(Qrecl) \/ﬁ (QTecl)z _ 2Ejon (A7)
ET \r?\pe v )TN\ INYEN py v '

The quadratic equation for‘T; has two solutions (Equation A.7), of which only the positive branch

(T, = Ei;"; ) is stable (Equation A.8) in steady-state conditions as has been explained in literature [4,

9, 11]. Furthermore; 1D time-dependent detachment simulations have been studied using SD1D in
conditions indicative to those analytically described by the negative branch of equation A.7 [71]. In
thesessimulations, p, is fixed and momentum losses are removed (e.g. thus fixing p:), resulting in

Eion

_ which may be unrealistic [71]. Hence, we

oscillations and supersonic flows when accessing T, <

. E; .
assume that the negative branch, T, < ‘;", of Equation A.5 cannot occur.
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In the analytic model we see that the target 10°

temperature drops when (%) decreases,
t >
which is consistent with experimental <.l
|_
conditions where a density ramp or impurity
:  Grecl : E.,=30eV
seeding (e.g. a drop in o ) results in a target o =7
temperature reduction. This temperature drop ‘
. 2 . 60
,om 2E .
occurs until y—;(%) —% =0 is reached = p. = 76 Pa fixed
t o
. . - < 40 4
(equation A.7), at which the minimum « P QP & PSR P2
ible i iti L p, =fu (T) x 75 Pa
temperature possible in the positive branch of 20 eI Bwaid)
equation A.7 is reached: T; = %~4 eV (for 0 ,
Ein=28 eV and y=7). Although En increases as @ %]
the divertor cools, this increase of Eion is % 8¢
.. . . . o 6
negligible until this temperature (see section ;- .
- o 4f
4.15 and [1]). When combining the =
L . . 2
temperature expression in equation A.7 with 0 ‘ . ‘
; - . 0 5 10 15 20 25
the ion target current predictions (equation A.5 (MWIiT)
m
. Qrecl Grec
and A.6), a decrease in Dt (where T decreases Figure A.1:2PMR resultsof T, p, I as function of grec for three
. __ Eiony - . . differentstarget.pressure behaviours during detachment. The
up until T, = y ) will not result inan ion current analytic predicted. 1etachment onset (equation A.9) is shown
roll-over. with the vertical bars. The maximum p: at (pe/Grect)crit is shown.

All of this implies that the equation A.7 cannot be used tofmodel the detached state, which has
temperatures lower than 4 eV and an ion current roll-over. An example of this is shown in figure A.1,
where pt, Eion and greq are independent parameters, of which ps, Eion are fixed and greq is scanned. T¢

. “w ; E;
and I; are shown as function of qreq, providing a solution for T, = ‘;”.

The above remains true even if a fixed (e.g. not explicitly dependent on T;) momentum loss through p:
= fmom Pu is introduced. This would reduce.p:/qrc, reducing the ion target current while also increasing
the target temperature. This raises the question, what is required to get a detachment-like behaviour
in the 2PMR? ~

A.1.3 2PMR and detachment

A simultaneous drop ofiboth T andT; impliesaiTl"t > 0, which requires, according to equation 2:
t

1
%Ft x % (p:T, *) > 0. That equation can only hold if the target pressure is dropping as a specific
t t

. d
function of the target temperature and obeys: P, Pe

. This implies, for instance, that when
Ty ~ 2T:

parametrising’ p, (T¢) = poTy“ in the detached (T} < 1) regime, roll-over only occurs for a > % [1].

This target pressure loss could either be due to momentum losses increasing with target temperature
or due to the upstream pressure dropping with target temperature, or a combination of both.
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140 ' Parametrisations in literature for p; are,
) for instance, obtained by assuming that
120 f i Maximum .
' D/q., the upstream pressure is constant and
100 F assuming a parametrised form of fmnom
s : as function of the target temperature:
% 80 | Those forms of fnom are, for instance,
3 ; retrieved by the Self-Ewald model [9] or
f; o0 by analytic fits through
i _ | measurements/SOLPSdata [9, 85].
i Requires
i additional T, dependence However, such parametrisation
207 | P/Q. 1 functions are likely
. ‘ r . ‘ . ‘ ‘ experiment/machine specific, are not
0o o5 1 15 2 25 3 35 4 45 5 easily experimentally’ obtained and
T =7 T{Eq, their determination is generally ad-hoc.
Figure A.2: Visualisation of qf:d = V\/Z—miE;,;/ et/ Tt—lﬂ as function of Therefore;it is preferable to analyse the

T: for deuterium with Ej,n = 28 eV and y = 7. The regions where the 2PMR without relying on this
maximum p:/qrec value is achieved and where a reduction of pi/qrec as
function of T; is required are highlighted.

To do this, we express the general solution to equation 4.1 graphically in Figure A.2 in the form of
Pe — Y4/ 2 miE._l/ZTt*l/2 TLH (where T¢ = ET_#V). The intersection of p: (T:) curve with the shown
t won

Arecl ton

solution would provide the solution to T:". Figure A.2 is thus generally applicable, regardless of the
parametrisation p: (T¢).

parametrisation.

Pt )_ m;

Considering that relation, pi/qrec increases as T; is decreased until a maximum value ( = 7.
ion

drecl
Dt

Arecl

is reached after which ( ) has to drop continuously. This implies that there is a maximum possible

target pressure, given a value for grec and Eion. This also means that, given a ratio between the target

and upstream pressure (fnom = PefPy), there isamaximum possible upstream pressure, expressed
. . . of

by equation A.9. That maximum target,pressure is reached at T; = % and thus fien = fiin = 0.5.

Dt

drecl

Therefore, to reduce the target temperature below that value, a reduction of is required and the

. L N
magnitude of the reduction increases with lower target temperatures.

() =— |2 (A.8)

Arect’ crit  Smom | 2EionY

Dt

Arecl

The critical point where the start of such a reduction is required can be written as three equivalent

criteria — equation A.9. Thel required reduction increases when considering Ein increases during
detachment [1]. Note that;if one were to implement a parametrisation of p; (T¢), the target pressure
can drop earlier than this point. Hence, these critical points physically represent the lowest possible
temperature-at which target pressure loss must occur.
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Pt _ mp 1 2
— = = - (A9.1)
(QTecl)Cn't 2Eiony Y Cst(Tt=El;,m)
Eion
Ty crie = ( " ) (A.9.2)
fion,crit = 1/2 (A.9.3)

This point has been defined by Krasheninnikov [11, 15] as the onset of detachment and by Stangeby
[4, 9] as the limit of a regime where solutions such as equation A.7 stop applying and momeéntum
losses need to be accounted. We use these criteria of the lowest possible temperature at which target
pressure loss must occur as an approximation of the onset of target pressure loss;which we define as
the detachment onset. The onset of target pressure loss is important detachment since this implies

that I} Tt_l/2 starts to drop — equation 2, which is required before detachment (e.gi both I’; and T:
drop simultaneously) can occur. This agrees with the experimental findings'in the paper.
~

However, target pressure loss could — theoretically - occur before it is'required. Since the ion target
1
2

a 3
- —T o« —
current roll-over occurs when oT, I} oT, (p: T,

) > 0, this could occur before the detachment onset
criteria if pt drops sufficiently rapidly before the detachment onset: However, experimentally in this

paper we show that this does not occur on TCV.

Now we can ask the question on how much target pressure loss is required during detachment?
Certainly, in a case where Qrec, Pt, Eion are free parameters where, greq is scanned, we obtain a point
where the maximum ratio pt/grea (equation A.9.1) is reached, as shown in figure A.1. Since this ratio
cannot go any higher, any further reduction of grec requires at least an equal reduction in p: such that
pi/qreci does not exceed the maximum possible value — e.g. stays at the peak shown in figure A.1. In
other words, this provides us with the minimum requiredreduction of pr when grec is further decreased

as (L) remains at its maximum possible level(e.g.

Arecl

m;
2Eijony

). In that case the target temperature

would remain stuck at Ty oy = ( E";") (equation’A.4).

What happens when we obtain a larger reduction of the target pressure than this minimum reduction?
Dt
Arecl

lower target temperatures, as sho\wn in figure A.1. This requires the target pressure to become
parametrised function of the target temperature [4, 9], which is also required for a simultaneous drop
of Tt and [; as discussed.previously..Again, an example of this is shown in figure A.1 where the Self-
Ewald model was used to obtain a fmom (T:) is dependence while a fixed value for p, is assumed (e.g.
Pt (Tt) = fmom (Tt) pu)- The result shows that both p; and I; drop as g.c is decreased beyond the
detachment onsety With a p; reduction given by the Self-Ewald model, p: already drops at higher
temperatures béefore the point where a p: drop is required. Therefore, a small deviation occurs
between the detachment onset prediction (which corresponds to the minimum T; at which p: needs
to start to drop)and the ion current roll-over. This depends strongly on the parametrisation of p: (T¢),
which as‘shown in[1], influences how quickly T, p: and I; drop in the detached case as function of

Qrecl-

A larger reduction of (likely through a target pressure reduction) than this minimum enables

2 This critical threshold (in the form pu/grec — this will be explained later) is twice larger than in [9]. However, the
calculated threshold (Figure 15c) is ~2 x smaller than the quoted 15 N/MW [9] likely due to different values used
for Eizns - However, this point is identical to the p.? / q|) reached in [2,7], using Equations 5.37, 5.39 on p. 237,
238 with Tt = Eion / Y-
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A.2 Evaluating and applying the 2PMR model with experimental data
We will now explain how we will utilise the analytic models in section A.1 to apply them to our
experimental measurements. First, we aim to predict the detachment onset for the fluxssurface
corresponding to the separatrix. This means that pt, Eion and grect Should correspond to their separatrix
values. Since no p: values are available, we assume pressure balance p: = pu, which seems
experimentally an accurate assumption before the detachment onset. Although p. can be obtained at
the separatrix (from Thomson scattering from the chord closest to the separatrix)passumptions must
be made to estimate Eion and greci ON the separatrix.

As explained in sections 4.1.3 and [2], an estimate of Ei.n is obtained from spectroscopic inferences,
which provides an “effective” Eion, Which is divertor averaged over all the different.flux surfaces.
Assuming this is the same as Eion at the separatrix has a negligible effect/on the 2PMR predicted
detachment onset.

~
To estimate grecyel at the separatrix we divide the power entering the ionisation region (P — section

3.3), with an effective area, Agrr = 2 TRyqrget %ASOL [4], where itisassumed that the radial location
14

of the ionisation region is the same as the target radius. A.rrsdepends onythe ratio between the

toroidal and poloidal field (?) and scrape-off-layer width Asq#The SObwidth has been approximated
14

by using A4 in¢ Of the heat flux profile measured through R imaging at the target, which has been
mapped upstream [44]. The choice for a characterisationyusing A, in; for the spatial profile of grec
across flux surfaces has been made as this parametrisation’is' more robust during detached regimes
than the Eich fit [44]. It is assumed that the spatial profile of greqis the same as that of the target heat
flux, which enables extracting qrec from Preq Using Aq'int. Volumetric radiation could, however, alter
this heat flux shape. This shape modification is, however;expected to be small as most of the radiative
dissipation happens in the impurity radiation region upstream of both the target and the recycling
region. Uncertainties of the characterization of A« have been neglected and could lead to systematic
deviations from the portrayed trend of rec.

Instead of estimating the detachment,onset, we also wish to apply this technique to model the
behaviour of the integrated ion current as function of ‘upstream’ parameters (pu, Grect), Which can be
compared with the experimentally measured integrated ion current. This requires Equation A.5 (or
A.6) to be integrated along the enti%divertor floor — Equation A.10, where ny is the upstream density
and Ty is the upstream temperature. For this we utilise the T; expression from equation A.7, where we
assume p: = py is a control parameter! For the sake of simplicity, we assume that fyin at the separatrix
is characteristic for the‘entire divertor. Such an assumption can likely be made since the influence of
fuin on Equation A.5 is limited.as fiin can only vary between 0.5 and 1.

I, = [ 2mr Tdr

2 2
I, D LN SR R TG TG (A.10)

m; fin Arect(1)

To simplify the expression of the integral, the upstream density and temperature profiles are broken
up in their separatrix values (e.g. n,°) times a function describing their profile behaviour (e.g. fry, )
as shown in Equation A.11.

Tlu(T) = fnu (r)ng
Tu(r) = fr, T,
Greci(1) = fqrecl(r)T£ (A.11)
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To maximize temporal resolution, the upstream separatrix density/temperature are obtained from
Thomson scattering, while the normalised upstream density/temperature profiles (f,u(r), fru (r)) are
obtained by fitting reciprocating probe upstream density/temperature profiles, at the probe plunge

r=Trsep =Trsep

times, with a double exponential: f, =A.e 4 +Aze % where 7y, is the separatrix radius

upstream. A single exponential profile using A, ;,; has been used to describe the profile of g1 (r),
whose integral equals Pre as shown in equation A.12, again assuming that the heat fluxé&hape at the

target is similar to the heat flux shape of g« Upstream entering the recycling region. Since theimodel

of appendix A.1 requires the parallel heat flux (q,.,.;) equation A.12 also shows the field mapping used.

recl
_T=Rsep
_ Agq
fQTecl(r) =e @it
qO — J 2nr fqrecl(r)dr ~ 2mRseplq,int
recl Preci Prect
~
b =22 A12
rect = B Qrect .
t
Using these profile expressions, the target ion flux can be expressed as shown in Equation A.13. The
. . 1 L 02
modelled integrated target ion current scales as o (evaluated.at the separatrix), times Pu (where
kin recl

p.l is evaluated at the separatrix) times fp, which is a parameter describing the influence of the
evolution of all spatial profiles as well as divertor geometry onil; as indicated in Equation A.13, which
is integrated from the separatrix until infinity. N

fo outside of the reciprocating probe plunge times is interpolated by fitting a polynomial to f, across
all probe plunge times. Uncertainties in p3, Pt and. fiin are accounted for, while uncertainties in the
profile description are neglected. The separatrix values'of the upstream density/temperature/target
temperature are referred to as ny, Ty, Timother parts of the paper.

2y, 1 02
I, = 4 Xe— X fp X Pu_
m; fkin Precl
4 By po S, W,
Jol = RepAgpint 5 JonT T AT (A.13)
N
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