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Abstract

The process of divertor detachment, wherebyheat and particle fluxes to divertor surfaces are strongly
diminished, is required toreduce heatloadingand erosionin amagneticfusion reactor to acceptable
levels. In this paper the physics leading to the decrease of the total divertorion current (l,), or ‘roll-
over’, is experimentally explored on the TCV tokamak through characterization of the location,
magnitude and role of the various divertorion sinks and sources including a complete analysis of
particle and power balance. These first measurements of the profiles of divertor ionisation and
hydrogenicradiation along the divertorlegare enabled through novel spectroscopictechniques.

Over arange in TCV plasma conditions (plasma current and electron density, with/without impurity-
seeding) the l;roll-overis ascribed to a drop in the divertorion 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 for ionization, P ., and concurrent increase in the energy re quired
perionisation, E,,: This effect of poweravailable onthe ionization sourceis often described as ‘power
starvation’ (or ‘power limitation’). The detachment threshold is found experimentally (in agreement
with analyticmodel predictions) to be ~ P ./1:Eion™ 2, corresponding to atarget electron temperature,
T Eon/y Where v is the sheath transmission coefficient. The target pressure reduction, required to
reduce the target ion 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 losses are quantitatively reproduced through full 2D SOLPS modelling through the
detachment process asthe upstream densityisvaried.

1. Introduction

Divertordetachmentis predicted to be crucial for handlingthe power exhaust of future fusion devices
such as ITER [3]. Aside from target power deposition due to radiation and neutrals, the plasma heat
flux (g; in W/m?) is dependent on the divertor target ion flux density (I'; in ions/m?) and electron



temperature (T;in eV) where y is the sheath transmission coefficient and € is the potential energy
deposited on the target perion.

qe =L (¢vT; +€) (1)

The iontarget currentis constrained by the sheath as expressedin equation 2, where p.isthe target
pressure and a target Mach number of one is assumed.
1/2
[} xn:Cs Pt/Tt/ (2)

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

target pressure must drop fasterthan Ttl/2 (equation 2):% <0- % (pt/Ttl/Z) < 0. Areduction of
t t

the ion current, while the divertor plasmais cooled through core density or impurity seeding ramps,
is experimentally often used as an indicatorfor detachment [3-5]. Investigating the nature of the ion
target currentreductionisthus crucial for the understanding of detachment.

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

A target pressure reduction (e.g. % <0- air (pt/Tl/2
t t

. ) < 0-—equation2) isenabled by volumetric

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 andion-

molecule) over ionisation reactions at low temperatures (T. X 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 powerand particle losses in addition to target pressure loss. The ions
reachingthe target surfaces come offthe target as neutrals and are ionised inthe divertor, after which
they reach the target again. Thisrecycling processis generally considered the dominantion source in
the divertor[4, 15]. Asthe ionisationprocess costs energy(E,.), the magnitude of ionisation is limited
by the powerfluxenteringthe recyclingregion, q,.. Thisisillustratedby equation 3 (derived insection
3.3), assuming an absence of recombination [8, 12, 15]. Such an analyticmodel [8, 12, 15] as well as
fluid models [12, 16-18], show that once the power required for ionisation and the power entering
the recyclingregion become comparable (e.g. % « 1), the divertorion source mustdrop, reducing
the divertoriontarget flux, whichis referred to here as ‘power li mitation’.
_Qrea,, 1

Ft B Eion Xl-l-_yT; (3)

ion
While viewingtargetion 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
processescan/willoccur[4, 9, 11].

Particle balance studies often focus on investigatingvolumetricelectron-ion recombination, which can
be an effective ion sink with adequate divertor temperatures (<1 eV) and densities (> 102° m3).



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 significantin the reduction of the
iontarget flux [8, 25-30]. However, previous work on TCV [31], C-Mod [8] and JET [32] (lattertwo both
N, seeding) has shown conditions where the volumetric recombination rate is insufficient for
explainingthe observed reductioniniontargetcurrent.

Asdescribed earlier, the targetion currentreductionrequires a reduction of the ion source and/oran
increase in the ion sink (volumetric recombination) in ‘high recycling’ conditions. We define ‘high
recycling’ as the divertorion sources dominatingoverion flows into/out of the divertor. Determining
those ion sources requires experimental measurements of ionisation and its 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 Da [33]). Recent studies aim to provide
guantitative information onionisation during divertor detachment [1, 32, 34].

In this work we utilize new techniques forachieving these measurements (see [2]) which allow us to
directly infer a) both the recombination sink/the ionization source and b) the total energy ‘cost’ per
ionization, E;,, perionisation event as profiles alongthe outerdivertorleg. The resultsof 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 currentbeginsitsroll-over. This loss of ion source coincides with the power entering the recyding
region (P,.) approaching the power required for ionisation (P,,,) - providing experimental evidence
for ‘power limitation’. Given the spectroscopic coverage (Figure 1), this provides an unprecedented
view of the evolution of the ionization, recombination, electrondensityand impurity radiation profiles
alongthe divertorleg during detachment. Those profiles and their evolutionin timeare in quantitative
agreement with SOLPS simulations [35].

The above results are then compared with reduced analyticmodel predictions (based on [4, 8, 9, 11,
22]) insection 4. Several predictions of these analyticmodels (I, T, ....) are in quantitative agreement
with the experimental results. Besides this, hereare three important outcomes of this comparison:

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

mi
2EjonY

Pt/ Arect™ (where m; is the ion mass). Our experimental measurements confirm

those analytic predictions at the point in time we designate as detachment onset —namely
whentheiontargetcurrent starts to deviate fromits (attached) linearincrease.

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



3. The I; < n,y, trend observed experimentally in TCV (where ng, is the upstream electron
density) during attached conditions contrasts the often assumed I, & n2, 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 forbefore the DoD can be used.

Our measurements show that as further power limitation occurs (P . gets closer to P,,,), volumetric
momentum loss (estimated from inferred charge exchange to ionisation ratios), molecule -plasma
interaction (evidentfromanincrease in Da [1]) and ultimately, volumetricrecombination (P e ™~ Pion),
occur. This sequence, which is commenced and driven by power limitation appears to occur more
generallyin high recycling divertors and applies to various approaches to detachment —density scans,
Pso. reductions and impurity seeding. It also appliesto higher density experiments where the effect of
recombination, while larger than for TCV, must still await the drop in the T, to low enough values (~
leV)driven by powerlimitation. Those low values occur after momentum loss starts to occur (~ 5eV)
and roll-overstarts (~2 eVinTCV).

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 1 and Figure 1a, respectively. All
dischargesare in L-mode without additional heating and are performedinreversedfield (e.g. VBin
the unfavourable direction) to stay out of H-mode. These choices have been made in orderto obtain
detached conditions with relatively high divertor densities (n. ~ 10?° m-3), 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 notto 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 DSS consists 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 forthe divertorshapes studiedin this work. Full details on the analysis can be foundin [1, 2]
and a summary can be foundin 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 shownin Figure 1b.

We have divided the radiated power into core radiation (above the x-point) and divertor radiation
(below the x-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 frominnerdivertor radiation). Such an analysis of bolome tricchordal brightnesseshas
beenusedin placeof the ‘default’ tomographicreconstruction of the radiated power emissivity across
the entire plasma which can have significant uncertainties [40, 45, 46]. We note that due to the
reflection of low energy photons from the gold foil of the bolometers, the estimated radiated power
is assumed to be underestimated by at least 15% [47]. When considering other uncertainties, the



DSS Vertical

#56567 #56567

|
[
|
| |
o .
|
|
\(J//

B Thomson chord

@ Langmuir probe

rtical 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 other diagnostics (Thomson/Langmuir probes/Vertical
IR/Reciprocating probe/Bolometry together with the divertor geometry of #56567.

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

Discharge number I, (kA) | Greenwald fraction

56567 (andrepeats) | 340 0.3-0.6 Density ramp
54868 240 0.25-0.6 Density ramp
52158 340 0.4 N, seedingramp
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. Furtherexplanation on the bolometricanalysis can be foundin [1].

The values of power entering therecyclingregion, P, can be sensitive to this underestimation during
detached conditionswhere P, is small. Thisis 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
functioninthe probabilisticanalysis used for quantities which require P ., (Or g,.)) €stimates [2]; which
includes the analytic modelinvestigationsin chapter4.

2.1 Spectroscopic analysis 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
inthe analysis process, eventually resulting inestimates of both local plasma characteristics (weighted
over the Balmer line emission profile along each viewing chord) and line integrated plasma
parameters. This analysis strategy contains threesteps.

1. The Balmer line shape is analysed to obtain an estimate of the characteristic electron density of
the Balmerline emission region through Stark fitting the Stark broadened component [1, 2, 31].



2. The ratio between two Balmer lines is used to separate the excitation/recombination
contributions of the Balmer line emission quantitatively (B;%’,, BSX5 in photons / m? s,
respectively)[1, 2, 31] by inferringthe fraction of the Balmer line brightness dueto recombination,
E...(n), and excitation, F,,.(n) and multiplying those fractions with the absolute Balmer line
intensity (B, in photons / m?s).

3. B;%, and BiXS are analysed individually to infer chordally-integrated parameters, such as the
recombination (R, inrec/m?2s) rate, ionization (/,inion/m?s) rate and radiative powerloss due to
excitation and recombination (P .q;®, Pq." in W/m?, respectively) [2]; as well as a measure of
the local (along a chord) ‘characteristic’ excitation/recombination temperature (T, TWF,
respectively). Thosecan be interpreted as emission-weighted temperatures along the line of sight
[2]. Using the excitation temperature Tt and assuming that excitation and charge 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

Analysis st
nalysis steps Output

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 steps in 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
recombinationrate I, (in rec/s); ionisation rate |; (inion/s); hydrogenic excitation radiated power P4
in W; hydrogenicrecombinative radiated power P, 4™ in W. We have performed this analysis forthe
outer divertor leg. Further information on all the various output parameters can be found in table 2
in[2].

Asshownin Figure 2, several input parameters (e.g. neutral fraction n,/n., pathlength AL) are required
and assumptions must be made to characterize 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-Carlobased probabilistic analysis
[2] to estimate all output 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 forexamples of output PDFs.

The above analysisis basedon aBalmerline slabmodel forthe Balmerlinebrightness (B,,_,, in ph/m?
swith upper quantum number n) - Equation 4, which models the Balmerline emissionasif it originates
from a plasmaslab with spatially constant parameters (0D model) with achordintersection length of

6



AL. B,_,, isafunction of path length(AL), electron density (n,), neutral density (n,) and temperature
(T,) using the Photon Emissivity Coefficients (PEC;%,) for recombination and excitation (PEC;X5),
obtained fromthe Open-ADAS database [52, 53].

B,,_, = AL n? PEC;;iCZ (ne,T,) + AL nenoPECfl’_‘fz (n,T,) (4)
BreS, BFXS,

Molecularreaction contributions (which can contribute stronglyto D, [1]) to the Balmer line emission
are neglectedin equation 4, whichisvalid for n>4 Balmerlines. Furthermore, equation4 assumes the
hydrogen ion density equals the electron density (e.g. Z.sf = 1) — which introduces insignificant
errorson 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 outputarising from the fact
that the chord integrates through a plasma with spatial profiles rather than the 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 n,, T. profiles [31]; deviations between inferred
parameters and actual parameters remain smaller than the characteristic uncertaintiesof the inferred
parameters [2]. By incorporating 2D spectroscopic measurements using filtered cameraimaging [54],
this analysis may be furtherimproved.

2.2 Reproducibility of repeat discharges

#56567, #56571, #56572,

At sufficiently high electron densities

R I and recombination rates, a lowern

L A) | B) ' Balmer line (n=5) is required for

% ’“,_?6 = #-li i %:;g T ;E\ separating excitation/recombination

% N‘" i ~++ { L TEd 100 emission quantitatively. However, a

= -g 4tk ¥ 4 14 E= g higher-nBalmerline (n-7) is required

2 =t +++ | 4} 1 £ for the Stark density inference [2]. To

ANoolL 4 |4 9 facilitate  both  measurements,
o T L g I ? :I:— 8§ c di . .

o ! iagnostic repeats are required, and

ol 1 P I B thus the reproducibility of repeat

09 1.0 11 09 10 11 1.2 discharges must be verified. To

Time (s) Time (s) demonstrate such reproducibility we

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

Figure 3: a) 9->2 Balmer line 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.



3. Results

Particle balance measurementsshow the ionizationsource is the primary process that determines the
targetion currentand itsreduction during detachmentin TCV. Volumetricrecombination playseither
a secondary or negligible role inthe ion currentreduction and only occurs after the ionisation source
rolls-over. These results have been obtained for three discharges: two core density ramps (at two
different plasmacurrents) 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, P, is reduced during a
density ramp discharge due to increasing impurity radiation; which is inferred from hydrogenic and
total radiation estimates. In contrast, the power ‘required for ionization’, P,.,, increases during the
pulse until P, ~ P at the targetion currentroll-over. This providesexperimental 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
with equivalent synthetic measurements
[2] performed on the corresponding
SOLPS plasma solutions [35]. Previous
studies have provided complementary
descriptions of the development of
detachmentinTCV [24, 31, 38, 46, 55] and 0
are thus useful forfurther details.

Density (10" m?)
(o)} O r:;

w

12

3.1.1 Characterization of targetion loss r:C_> 9

Feedback control of the D, fuelling was z

used for #56567 (Figure 4) to obtain a g 6 |

linear increase (with time) of the line Q 3

averaged core density, 11,, measured by a

vertical FIR interferometer chord. This Lt :

causes a linearincrease of the upstream 0.6 9'8 1.0 1.2
Time (s)

separatrix density, n., (Figure 4). 1, is
increased until the plasma disrupts at Figure 4: Overview of detachment based on a 340 kA, density ramp
discharge (#56567). a) Line averaged, T,, upstream density, Ne,u

. i and upstream temperature, Teu as function of time. b) Total lon
fraction of ~ 0.65. Both the total ion target target flux (ly), ion target flux density at the separatrix (),
flux integrated across the divertor target recombination rate (I;) and I: loss as function of time. The onset of
(I,in ion/s) and the target ion flux density detachment phase (~0.82-0.87 s) is indicated as a black shaded

. o° ) region in this Figure and all subsequent experimental Figures as
at the separatrix ([;in ion/m?s) increase  function of time.

linearly initially (Figure 4a). The linear
scaling of I, and I, with the upstream/core density for attached plasmas was observed for all the
density ramp studiesat TCV [38]. This contrasts the I, < n.,? scaling often assumed in other tokamaks

t=1.25 s, achieving amaximum Greenwald

[7, 36]. From a theoretical perspective, the I, o< n.? scalingassumes that the upstream temperature
and target heat fluxis unaltered as the upstream densityisincreased (chapter 2,3 [1]; [4];[3]); which
is not necessarily true. Accounting for measured changesin these parameters overthe discharge, we



will show in section 4.2.1 that the observed linearincrease of I, and I with n., is expected when
consideringthe measured reductions of upstream temperature and the increase in divertor radiation
throughout the discharge as n, isincreased.

To quantify the loss of targetion current forthis studywe determine alinear, in upstreamdensity 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 thisto the measured iontarget current, I, (see Figure
4b). At~0.82-0.87 s |, starts to deviate fromits lineartrend and ion target currentloss 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-overat the detachmentonsetwhile I rolls-overlater. The separation between the detachment
onset, I, roll-over (negative slope in I;) and T, 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 forthe case shownin Figure 4.

Although spectroscopicsignaturesof recombination startto appearjustbeforethe iontarget fluxroll-
over, the I, loss (magenta — Figure 4b) is significantly larger than the total recombination sink
integrated overthe entireouterleg(l, blue - Figure 4b), indicating recombination aloneis insuffident
(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].

3.1.2 Experimentally observed TCV detachment dynamics and corresponding SOLPS solutions
The experimentally-measured poloidal profiles of several plasma parameters along the outerdivertor

leg duringthe periods before, during and after the targetion currentroll 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 is shown in Figure 5b. This simulation [35] does not
reproduce the experimental result that the upstream density saturates upon detachment. As such, a
lineartrend of the upstream densityhas been used to match the chosen times to the appropriate ng,

The three SOLPS simulations used to compare to experimental profiles are indicated by the e nlarged
symbolsin Figure 5b. Theircolours correspond to the vertical lines at which the experimental datais
taken, shownin Figure 5a. The SOLPS profileresults (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.4,), enabling a closer comparison between experiment and simulation. The
divertor-integrated results (Figure 5f) are obtained by integrating theionisationsource/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
outputare providedin[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. ¢, d) Stark density profiles (c — obtained from a synthetic diagnostic — see [1, 2].). e, f) Chordal integrated
recombination (Ry) /ionisation rate (I1) profiles. g, h) Chordal integrated total radiation profiles through bolometry — Praq,1;
and radiation due to hydrogenic excitation — Prq e . |, j) Line integrated charge exchange (CX.) to ionisation ratio (1))
profiles.

Before detachment, the density along the divertor leg (Figure 5c), the radiated power (Figure 5g —
P..a1), 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). Furtherincreasesin n, and n., generate 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 fromthe target, a region where charge exchange dominates overionisation 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 continuetoincrease 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 overionisation only overasmall region (<10 cm) close to the target ( Figure 5e).

Each chord passesthrough three regions of the outerdivertorleg —a) the far SOL of the common flux
regions (17 flux tube; 11.5 cm target coverage); b) the region nearthe separatrix (4 flux tubes; 0.5cm
target coverage); c) the private flux region (17 flux tubes; 13.4 cm target coverage). Comparing the
total ionisation in these three regions of the 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) givingrise to more ionisation outside of the
separatrix, increasing from 65% (attached) to 95% (detached) of the total ionisation.

All these observations are in excellent qualitative (and in most cases even quantitative) agreement
with the SOLPS simulation results. However, certain parameters are differentin the experiments and
TCV SOLPS simulations [18, 35, 56]. In particular, the total ion target currenttrendin the simulations
flattens during detachment as opposed to rolling over - in disagreement with the experiment.
Althoughionisation makes up most of the ion target current in the simulationsin attached conditions,
during detachment there are substantial ion flows into the divertor, balancing out the reduction of
the total divertorionisation source [18, 35, 56]. This is in disagreement with the measurements of
section 3.2 for which there is quantitative agreement between the total divertor ion source and the
total ion target current of the outer divertor leg in both the attached and detached phases, which is
furtherdiscussedin section 4.3. The omission of driftsin the simulations couldlead to this discrepancy
of the ion flow into the divertor between the experiment and simulation. Those ion flows are,
however, small forsingle flux tubes slightly outside the separatrix in the common flux region, where
a clear roll-over (more consistent with the experiment) is recovered [18].

3.1.3 The dynamics of the electron density in the divertor during detachment
The three time pointsinthe general plasma characteristic profiles alongthe divertorleg ( Figure 5c, f,

g, h) provide a coarse temporal resolution and therefore do not fully convey the dynamics of the
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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 closestto the target are shown
in Figure 6a together with the viewing geometry (Figure 6b). This discharge is similarto 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 detachment onsetand
the total ion target current roll-over (~0.87s — not shown), which coincides with the time where the
iontarget flux deviates fromits lineartrend (not shown), the Stark densities throughout the divertor
rise above the Langmuir probe target density, which rolls-over. Ultimately, the Stark density (within ~
5 cmfromthe target) rolls-over (1.055s). This consistent with observations from the vertical DSS system
indicating a reduction in line averaged (9->2 Balmer line, thus recombination emission weighted)
density throughout the divertorleg(Figure 3b).
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Figure 6: A) Electron density (characteristic uncertainty ~101° 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 corres ponding to
the DSS measurements.

The discrepancy between the Stark and Langmuir probe densities suggests that the electron density
strongly decreasesinanarrow region (<5 cm) close to the target. The roll-over of the Stark density of
the lowestviewing chord densitywould 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
observedinthe SOLPS simulation (section 3.1.2) [35], although the amount that the electron density
drops (1-2. 10¥%m3) 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 Langmuir probe target densities.

1. Thereis a concernthat the Langmuir probe measurement of the target density isincorrectly
low. Since the Langmuir probe density inference uses the Langmuir probe-derived

temperature ( Joqr X nLP/TLP ), the density would be underestimated when T.* is
overestimated — which generally occurs in cold divertor conditions [41, 59, 60]. As such,

followinga similarapproachas in [31], we calculated a modified nép'm"d =nlP [%;usinga
Te

spectroscopically inferred T£ (section4.1.1) from the excitationemission of the chord closest
to the target (Figure 6a). n.” ™ remains significantly smaller than the observed Stark de nsity
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 measuredin low temperature conditionscould be overestimated
by up to 2.10'® m?3 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 the ion target flux
Inthe survey of discharge characteristics (Figure 4), the inferred ionization source magnitude and time
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 tube. The balance of
sources and sinks within the divertor can be written:

L~I;—1, (5)

where the targetion flux (the sinkforions atthe target), I, isthe sum overthe divertortarget surface
while both the ionization source, |, and the volumetric recombination sink, I, are integrated over the
entire outerdivertorleg. Equation 5assumesthe divertorto be aclosed, self-contained, systemwhere
the total divertorion target currentis dominated by divertorion 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 furtherin section 4.3. In this paper we define
the divertortobe ‘high recycling’ when this condition (Equation 5) is valid.

3.2.1 Characterization of ion sinks and sources in density ramp discharges
We show examples of the equivalence of the divertorionization source and target ion currentin the

first two columns of Figure 7 for density ramp discharges at two different plasma currents. The
ionisation source (Figure 7d & e), I, tracks the increasing target flux, I;, (within uncertainties) during
the attached phase for both density ramp cases whilerecombination, |, 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 ionflux from the SOLinto the divertor should be eitherrelatively small or balanced
by the ion flux flowing fromthe outer divertortowards the innertarget.

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 arequirement for cases where Equation 5applies.

As explainedinsection3.1.1, theion losses are calculated by subtractingthe measured|;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 recombinationion 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 afterthe deviation of the measured |, fromits linear (attached) scaling and it remains more than
a factor 4 lowerthan the loss of targetion current or loss of ionization source.
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The recombination rate in the high current case is 5-10 times higher at the same core Greenwald
fractionas inthe lowercurrent case. One explanation forthe higher recombination ratesisthatthe ~
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Figure 7 —First two columns 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 highern,, 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 ng, (cubic, based on the two point model [4]). Assumingidentical divertortemperatures between
the two cases, this would resultin ~10times higherrecombinationrates (estimated from ADAS tables
[52, 53]). This suggests that (for the same core Greenwald fraction) the plasma current is a ‘control
knob’ forthe influence of recombination onthe ion targetflux.
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3.2.2 Characterization of ion sinks and sources in N2-seeded discharges

N, seeded dischargesdevelop significantlydifferently than the core densityramp discharges discussed
previously[62]. The line averageddensityforthispulse (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-overoccurredin the equivalent high current, density ramp discharge (pulse #56567; Figure 7b,e).
Theiontargetlossis quantifiedas previously usingthe pre-N, seeding scaling as areference. 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 temperature 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 sourcesis notas consistent
for the case of N,-seeding. A nitrogen concentration of 10- 25% could explain the mismatch between
theiontargetflux and the ionisation source prediction, assuming an average nitrogenioncharge of 2
A crude analysis, using Open-ADAS photonemission coefficients together with the NI (399.6 nm) line
brightness measured by the DSSand (T, n, AL) obtained from the Balmer line analysis, indicates the
ratio between the N* density and n. is larger than 4%. The total nitrogen concentration is likely
significantly higherthanthe N* concentration:toillustrate, fora transport-less plasma—whichis not
valid here — one would expect a fractional abundance of N* smaller than 0.1 for the values for Tt
obtained. This crude analysis isconsistent withthe explanation of asignificant portion of the iontarget
current being due to nitrogen ions but does not constitute a proof. A proof would require a more
guantitative and complicated analysis asin [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 volumetricrecombination during N, seeded detachment has been found to be smaller.

3.3 Power balancein the divertor and relationship to ionization

We have now described all the elementsin divertor particle balance and we will now investigate how
this is related to divertor power balance. It 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 occurs 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 power balance analysis and applyitto the outerdivertorforone of the
discharges shownin Figure 7, #56567.

The power entering the divertor, Py, is lost partially to radiation, P,,4, after which the remaining power
pot
Brarget

= I;yT;, where y~7 is the sheath transmission factor. We use ‘kinetic’ to mean ‘kinetic and

ends up at the target (Piaget), both in the form of potential energy, = I;eand kinetic energy,

kin
Prarget
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

volumetricrecombination.

Paiv — Praa = Prarget = 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 (Pgiv), impurity radiation (Prad™),
power reaching the recycling/ionisation region (Prec), ionisation power cost (Pion) and recombination power cost (Pred),
eventually resulting in kinetic power reaching the target (P:arget*). The bottom line in the Figure describes particles (ion)
balance interms of an ion flow from upstream (l.p), ions generated in the ionisation region (1;) and ions being removed in
the recombination reaion (I;), eventually leading to I ions reachinag the target.
The radiated power highlightedin Equation 6 can be splitinto different portions: hydrogenicradiation
. . .. im . . I . .
and impurity radlatlon(Pmdp) —equation 7. Hydrogenicradiation has both an excitation (P ,¢"*) and
a recombination (P,.q™"*) contribution.

H,exc Hyrec im;
_ pimp

Pdiv “Trad T Trad rad — It O/Tt + 6) (7)

We ignore, forsimplicity, energylosses due to charge exchange (CX) in equation 7. Alarge range of CX
energy losses perionisation event is suggestedin literature (~3-5eV [11];5-15 eV [1, 15, 65]). The CX
powerlossis not well known and is difficult to quantify with asimple 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 themin the following.

To obtainfurtherinsightintothe powerloss 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 utilisingthe
closed box approximation (Equation 5):

(Paiv— PIMPY — (BREX ¢ el)) — (BR7°° — €l,) = IyT, (8)

rad

The grouped terms in equation 8 explain the different processes in divertor power balance and are
schematically representedin Figure 8 as a visualisation aid. The differentregionsin 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 termsin detail.

The powerflowintothe divertor, P, is first reduced through divertorimpurity radiation. We define
whichisleftas P: the powerenteringthe recyclingregion (Equation 9).

Prect = Pai— Poy (9)

Powerislost inthe ionisation region by converting neutralstoions (energyloss € perionisation) and
by excitation collisions precedingionisation leading to radiation losses (ﬂ’;‘gxc): Equation 10. Dividing
the total ionisation powerloss P;,, by the totalionisation source leads to an effective ionisationenergy
loss, Ei,n (Equation 11), which is an important parameterin modelling the ion target current dynamics
as will be discussed in section 4.1 and 4.2. Furthermore, E;,, will rise during detachment as the

ionisation region grows colder and more excitationcollisions occur before ionisation. Thisis 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 = PIE*C 4 el (10)
Pi PH,exc
Ejpn=—"2="14_t ¢ (11)
I I
There are both energy gains (potentialenergyis released back to the plasma €l,.) and radiative losses
(Prﬁ'g“) inthe recombinationprocess. The total power ‘cost’ ofthe recombination region (P ) is given
by Equation 12, which is similar to how the power loss/gain due to recombination in [67] was
determined. P < Oindicatesanet plasmaheating by volumetricrecombination (e.g. €I, > Pfc‘;fc).
H,
Bec= ragec — €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-bodyrecombination [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 9, 10, 12 into the newly derived terms:

Prect = Pion = Prec = Ptlilirnget (13)

As P, is lowered through impurity radiation (while keeping P 4, constant and Pj,, rising), a point can
be reached where P, limits the power needed for ionization, P,,,. The ionization source, |, would
then be reduced: ‘power limitation’. A reduction of the ion source leads to less ions entering the
recombination region (where more losses can occur) and thus a reduced target current, I. As part of
Pt}cclglget
Figure 8 and Equation 8), making that region conducive first toion-neutral collisionswhich are related

to momentum loss processes, and then, as the target temperature continues to drop, recombination.

this ‘power limitation’ process also drops and the temperature near the target drops (see

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
intothe Scrape-Off Layer (SOL) from the core plasma, Psg,. Since the dischargesincludedin this study
are Ohmically heated ( Popm ), Pso is obtained by subtracting the core radiated power ( B ¢),
measured by foil-bolometerarrays (see section 2and [1]), from Pgy,. The power flowingto the outer
divertoris Pgj, = @ Pgp1,, where a denotes the fraction of Pso. flowing to the outer divertor. In a
previous study [68], it was found that the power asymmetry depends on poloidal flux expansion (f,)
and plasma current. Here P;./P..: (Where P, Po. 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 (f, = 6) during attached and low divertor radiation conditions. Given that
we assume for this investigation, a ~ 0.5for the plasma conditions (flux expansion; plasma current)
of #56567 (340 kA, f,~ 8).

Paiy = a(POhm - fé’ge (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, P, the power entering the
recycling region, Prec, and the power needed for ionisation,
Pion; d) comparison between Pgi, 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 P,.4™,
which requires separating out the impurity
radiation from the hydrogenic radiation. Using
Equation 15, this can be done by obtaining the
divertor radiation, P4, from bolometry while
estimating both the hydrogenicradiation P4,
P..a""e through spectroscopicmeans[1, 2].

Pimp _

Hexc H,rec
rad rad — P - P

rad rad (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 presented in 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 4"® with recombination radiative losses
essentially ignorable. This impurity radiation
resultsina constant decrease of P,...; duringthe
core density ramp while P;;,, remains roughly
constant. This 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,

enablingdetachment.

As the core density ramp proceeds, P,.; and
P;on grow closer together until Ppo~ 2 Pjop at
the detachment onset (~0.83 — 0.87 s) and
P;on~Prec; at the ion current roll-over (negative
slope I; ~1.05 s) (Figure 9c). This quantitative
information suggests thatthe ion source is being
limited by the power available, P, When P,
has dropped to roughly Pisn, Prarget™ << Preq —
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 (€.8. Prge™ ~ % Png) at the
detachment onset is expected as some powetr,
beyond ionization, is required to maintain a
target temperature.

Figure 9d includes acheck of the overall divertor power balance. The sum of the total radiated power
and the powerreachingthe target, Pr.g + Prarget: (the latterterm from IR measurements), is compared
with the power flowing to the outer divertor region, Pg;,, and the two match within uncertainties,
giving confidencein the Pg;,, determination. Note that P.q + Prarer” is N0 longer shown after 1.05s due
to failuresinthe IR background subtraction algorithm.
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4. Discussion

The results shown in section 3 of this papershow a strong particle balance correlation, in magnitude
and time dependence, between the ionization source and the targetion current. This implies the ion
current roll-over occurs due to an ion source reduction as opposed to an ion sink. In section 3.3 we
also calculate that the power required to supply the measured ionisation source is approximately
equal tothe powerflowinginto the recyclingregion (P...); 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 otherion sources/sinks, apart fromthe onestreatedin section 3, isalso considered.

4.1 Investigating the ion target flux trendsin the frameworkof power 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
powerand particle balance [8, 12, 15] through the processes highlightedin Figure 8& 9.

_ Preci—Eionlr _ Precl _ : *
lt - Eiont+y Tt B (Eion Ir) X flon(Tt ) (16)
1
on(T) = — 17
fion () = i (17)

The targetion current, /,, is calculated using Equation 16, where P, E;,, and T; are the independent,
measured, variables. Equation 16 is derived by combining the different power sinks presented in
section 3.3 (Equations. 8, 11) with the closed box approximation (Equation 8). Though recombination
isaccounted forin particle balance, itisassumed thatitis neitheran energy sink noran energy source
(e.g. P ~ 0in 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, T, in
Egs. 19, 20istherefore an effective averaged (weighted by the heat flux) target temperature [8], which
isnot necessarily representative of the peak temperature at the target.

Precl . . . . . . .
—2< represents the maximumion source which could be achieved if all power e ntering the recycling

ion

regionisspentonionisation. Inthe absence of recombination?, f;,,, (T;") (Equation 17) represents the

fraction of P, spent onionisation, in which T," = y L represents the ratio between kinetic power
won
. S ey Te
reachingthe targetand power used forionisation (F)'
thion

. ) P 1.
1 Equation 16 can be re-written I, = f§ x 2% x —— |
Eion  1+T}

represents the fraction of P,.,.; spent on ionisation even if recombination is

. I . - .
nwhich 8 = I—t represents the fraction of ionised particles
1
1
14T

reaching the target and

YTt

present [35],in which T} = ﬁE represents the ratio between the kinetic power reachingthe target and the
ion

power required forionisation. For the casediscussed, § > 0.85 and hence can be neglected.
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It should be clearly noted that since
Equation 16 requires T, as a measured
input. It does not take explicitly into
account that changing the power
entering the recycling region also
influences the target temperature.

X TE [DSS]
¥ T7°[BOLO]
+ TR [DSS] -

—_—
o

(9

4.1.1 Targettemperature estimates
Obtaining the target temperature
during detached conditions s
challenging as T, measured by

Target temperature (eV)

0
.Langmuir probes often o‘v‘erestimated 0.6 0.8 1.0 1.2
in detached low T, conditions [41, 59, Tim ( )
60]. e (S

Figure 10: Target temperature estimates from spectroscopy (excitation -
An estimate of T; can be obtained Ti£; recombination — T:f); power balance — T:?8 and power/particle balance
modelling based on the measured fion = Pion/Pred as function of time.; Tt™

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

closest to the target, which yields two
differenttargettemperatures [2]: one target temperature thatis characteristic of the recombinative
region (TtR) along the chordal integral and one target temperature that is characteristic of the
excitation region (TtE) alongthe chordal integral. Those are both likely an upperlimit with respect to
the actual targettemperatures as the chord views the separatrix 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 TF® is obtained from the kinetic power reaching the target, T,/ ®can be regarded as a heat flux
averagedtargettemperature.
TtPB _ Pdiv-Praa _ € (18)

1255 14
All three target temperature estimates show a decreasingtrend as function of time, reaching target
temperaturesof 1-2eV at the end of the discharge (Figure 10). TtE and TtPB agree within uncertainty,
whereas TtR (shownfrom 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. TtR is likely lower as
recombination-dominated emission increases strongly at low temperatures and is thus dominated by
contributions from lower-temperature parts of the plasmaalongthe line of sight. We utilize TtE inthe
following prediction of the targetion flux roll-over (Equation 16). This is appropriate as the excitation
emission weighted temperature, T, is likely similar to the heat flux averaged temperature, as most
excitation nearthe target occurs at the highest heat fluxes.

4.1.2 Comparing the measured and predicted ion target flux
Powerand particle balances, asincludedin Equation 16, provide a quantitative prediction of the target

ion current behaviourthrough the attached and detached periods for pulse #56567, discussed earlier
in section 3.2 & 3.3. This requires four input parameters: First, Pro;is derived from subtracting
impurity radiationlosses from the power entering the outer divertor (Equation 13, section 3.3) —using
Pso,, bolometry and hydrogenicradiation (obtained spectroscopically) estimates. The other three
parametersare E;,, (obtained using Equation 11, section 3.3), T; (for whichwe useTf), and I, (section
3.1 - 3.2). All three latter parameters needed for equation 16 are directly determined through
spectroscopicinferences [2]. The predictedion targetfluxisin 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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targetflux can be described fullyinterms of the

. . . Prect
maximum possible ion source, Eri and the

ion

#56567, #56571

recombinationsink, I, once T is known.

The inferred maximum possible ion source,

Preci ; i i
—Ered, is of order 2x the measured ionsource (Fig.

ion
9), I, at the detachment onset (e.g. deviation of
ioncurrenttrend fromits linear reference which
coincides with the roll-over of the separatrixion
target current for this particular discharge),
which corresponds to f,,,~0.5. This critical 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 -

Ej .
T, ~ ';’“, which occurs when the black trend

1.2 crosses the red trend in Figure 10; again
Time (s) consistent with the detachment onset.

Figure 11: a) Predicted ion target flux based on power The dynamics of the target ion current
balance compared with measured ion target flux as  described 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 prediction, ion
source and the measured ion target flux. Pulse #56567. Preci
and fi.p. (

. P
between two competing terms — (id — Ir)
E

ion

— IT) decreases during a density

Eion
ramp while f,,, increases, driven by both the drop in T, and increase in E;,, as the divertor cools. The
increase inf;,, isstrongerinthe perioduptof,,,~0.5, leadingtoanetincrease inthe targetion current
before detachment. The increases in f,, are small after the detachment onset (f;,,>0.5 & T;'<1) and

Precl

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

Eion
integratedion currentroll-overstarts at a higher f;,,,~0.7, where Tt~§~2 eV.When T, reaches this
level and drops further (e.g. T.* approaches 0), one can approximate the target current as I;™ (Preci/ Eion
—1,). This observationis operationally sufficient to state that the ion source is becoming limited by the
amount of powerflowinginto the recycling region; e.g. one can predictl,only given P,./Eicnand .. In
addition, when such temperatures are achieved, volumetric recombination can become a significant
ionsink. All of thismust, however, be consistent with a target pressure drop fasterthan T,"/> (equation
2).

4.1.3 Comparing the measured and predicted power fractions of ionisation

The trendsin 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. That is important as the functional form of f,,, (equation 17), with the sheath target
condition, leadstoan analyticdetachmentonset [11, 12, 15] prediction at f,,,= 0.5, as we will derive
insection4.2 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 /Prea. The
experimental inference (solid lines) agrees with the predicted f;,, (symbols) within uncertainty
(Figure 12b). Secondly, given a measured f,,, and E;,,, one can model T, (labelled T;") and compare it
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tothe various experimental T, estimates. This comparison isshownin figure 10; indicating quantitative
agreement within the uncertainty.
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Figure 12: a) Break-down of the modelled fractions of Preci 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-¢)
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 tof;,, can be derived, which modelthe fraction of P, reachingthe targetin the form
of kinetic/potential energy. These can be similarly comparedto 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
modelled power fractions as shown below indicating that a simple model based on T, and E;,, can
indeed predictthe various power fractions. Allmodelled fractions are showninfigure 12a.

Since fion is the fraction of P,..;spent on ionisation, we can also calculate the fraction of P, left
after passingthe ionisation regionin the form of kineticenergy (Equation 19) —f,;, whichis compared
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with a ‘directly measured’ fy;,, which is fii, = Prarget™ / Prect and Pt’flirnget = [; yT¢; |, is obtained from

Langmuirprobesand T, is the target excitation temperature estimated using spectroscopicanalysis—
Figure 12c.

e

f L= YTt
kin Ty +1

m=1_fion= (19)

The otherfraction of P whichreachesthe targetis power, inthe form of potentialenergy, spenton
neutral -> ion conversion (ionization) in the recycling region ( €l;) assuming no volumetric

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

. e . _. .
estimated fp,or = %“M = ——inFigure 12c where I, measured by Langmuir probes was used.
recl recl
_ €/Eion
foor = (20)

The fraction of P,..; deposited at the target is the sum of the kinetic and potential terms: fi4yger =
frin + fpot, Which decreases as function of time (Figure 12e) from 90% to 40%. That modelled value
is compared with the measured fiaget = Praget / Prec, Where IR measurements of the total power
deposited atthe target are used with an assumed 50% uncertainty on the measured Pyt When f,
approaches 0, f;,,; becomes the lower limit for f;44er, and thus the power reaching the target, can
attain:for T," ->0 and E;,, ~ 40 eV, fiager = oot ~ 0.35. Volume recombination (ora furtherincrease in
Eion) isrequired fora furtherreduction of f gt

4.1.4 The case of power limitations and its implications

In the previous sections we have shown that an analytic model, accounting only explicitly for
power/particle balance, using measurements of P, Eion, T; can predict several aspects of detachment
in quantitative agreement withthe experiment. We re-iterate that this must be consistentwith target
pressure loss (equation 2). Essentially, this is accounted for intrinsically as momentum losses play a
rolein the relation between the measured parameters P, Eion, Ti. Below we indicate we discuss the
case of powerlimitation and itsimplications further.

One could imagine that the targetion current controls the upstreamion source as neutrals created at
the targetare neededforionization upstream [11, 12, 15]. However, those neutralswould accumulate
if P.o is not large enough to ionize them. This appears to be the case as the target ion current is
strongly reduced in detachment, since the 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 overthe DSS
chords (weighted by the excitation emission profile), as well as neutral pressures obtained in the
simulation, increase during detachment while the neutral fraction (ny/n.) remains roughly constant
(1, 2].

Some might suggestthatthe ionization source dropis not driven by limitation of the power available,
but a natural consequence of low target temperatures (<5 eV) where the ionisation probability (e.g.
the number of ionisations 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. Anotherissue with thatlogicisthat ionisationisa volumetric phenomenon and thus cannot be
ascribed by only target parameters as the ionisation region expands from the target and can move all
the way to the x-point.

Itistrue that as T, drops, E;., rises due to the additional excitations needed for each ionization and we
pointto this as a contributingfactorin the loss in divertorionization. However, using power/particle

23



balance, we can make the statement that a low target temperature (T, < Eqn/Y) is a consequence of
power limitation of the ionisation source, as P i/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—likelyduetoT;< 5eV.

4.1.5 The variation of Eion in detachment
Applications of analyticmodelling often assume E;,, to be constant [4, 8, 11]. The excitation radiation
PH,exc
component ( “I‘—'d) in Eon (Equation 11) is,

#HB367, #ola71 however, strongly temperature dependant: as

15 11T
w | X —_ the divertor cools (<5eV) more excitation occurs
P 7 * 1 i before ionization happens. During the density
S I, - ramp, the effective temperature in the
B4 I P ] T . :
5 B ionisation region drops, leading to a factor of
‘9 5 e pH.exc
.ol N two rise in—1%4— = E; . — ¢, the radiation cost
- ] i
0 A | | | | | o s of ionization (see Equation 11 and Figure 13b),
30 % pH-de"C/ | which results in a 50% increase in the divertor
L ral I .
o _ leg averaged E,, (weighted by the local
® o ROl ionisation rate).
Q=
. g Both hydrogenic (through increasing E;,,) and
- Q . . - .
& impurity radiation (through lowering P.) can
B 1 play significantroles in reducing the number of
98 ——t—t ionizations during detachment, despite the
. + PLEC /1, (6 cm from targe) | magnitude of hydrogenic radiation being much
(1h] - H, exc . . . e . .
Q o X P /1 (25 em from targe ++ smaller than impurity radiation. This is
% B B [rem— CLIRSEY) ol demonstrated by the fact that the maximumion
= c 2
. 5 source (—=<) decreases ~30% between t=1.0
% .= 30 ion
x and t=1.25 s, due to a ~“10% decreasein P, and

a ~25% increase in E;,,. The importance of E;,,
was alsoraisedin 1D modelling [71].

We also investigate the divertor profile of the

Figure 13: a) Target ion flux as function of time together excitation cost of ionization (Eion _ 8) along

with ionisation rate and recombination rate. b) Effective

H,exc
radiative energy cost per ionisation/recombination. c) different viewi ng chords, rad,L . Poloidal
Radiative energy cost per ionisation along a certain chord L
temperature gradients lead to strong variations
H,exc H,exc

of %‘“‘ alongthe divertorlegas shownin Figure 13c. In the region close tothe targetrILd'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 perionizationis15-30eV. Variations
in geometry (e.g. closed vs open divertor, vertical - vs horizontal-target), which lead to variations in
recycling and neutral penetration, could influence the locationof the ionisationregion and thus could
affect the dynamics of the target ion currentloss through a change of E;,,, amongst other changes.

Whether recombination can heat or cool the divertor plasma is determined by the competition
betweentheenergylossdue to recombinativeradiation and the potentialenergy released back to the
plasmaupon recombination [9, 67]; as the plasmatemperature 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:/2) 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 asthe level of recombinative emission. For
the TCV conditions investigated we findthat the

effective radiated energy loss per
PH,rec
recombination event ( 2% Figure 13b) is

IR

roughly equal to the potential energy. That is
not surprising, considering the modest TCV
densities: ADAS calculations indicate an
effectiveheatingof 0— 1 eV perrecombination
reactionatT.=1eVforn.inbetween 10'8-10%°
m3, using a similar calculation as done in [67]
(e.g. P in Equation 12 divided by R,). Hence,
volumetric recombination does not lead to
significant plasma heating or cooling for the
TCV conditions presented.

4.2 Investigating the target ion flux
trends in the framework of

momentum balance

In the previous section we have investigated
the target ion flux trend in the framework of
powerand 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 simplifiedanalytical 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, p;, is the
total target pressure (e.g. twice the kinetic
target pressure).

Trendsintarget (p;) and upstream (p,) electron
pressure are compared in Figure 14. By
assumingp.~ p, before detachment, p.appears
to be significantly underestimated by ~ x2.
Synthetic diagnostics through SOLPS [2]
indicate that this difference is due to chordal-
average nature of the spectroscopically
estimated target pressure. Both the upstream
andtarget pressure are observedtoroll-over at
the targetion flux roll-over (Figure 14b, d). The
upstream density saturates simultaneous with



aroll-overinthe upstream pressure, while the upstream temperaturedrops (Figure 4). The reduction
of the upstream pressure during detachment has also been observedin, atleast 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 plasmastored 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 discharge, the targetion flux
scaling can be written as [} « pt/TtO'S, i.e. the target plasma pressure must drop faster than Tto'5 at
the targetion fluxroll-over. Thisisapproximately observed (Figure 14 c). However, pt/Tto'5 is expected
to deviate from linear from the detachment onset onwards, which is not the case. That discrepancy
could be due to line integration effects as explained previously. I} < pt/TtO'S(equation 2) links the
trendintheionisation source (section 4.1- Equation 16) tothe trendinthe target pressure (Equation
2) and is thus crucial for understanding the complex interplay between momentum balance and
ionisation balance.

4.2.1 Modelling total targetion current behaviour with both power and 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 referto thisas the ‘2PMR’, discussed previouslyin literature
[4, 11] and more extensivelyin [9].See appendix A.1for a full derivationandin A.2 we demonstrate
how we apply and evaluate the 2PMR. Our first goal of the application of the 2PMR is to verify the
expectedion target flux trend in attached conditions. Forthis, pressure constancy along aflux tube is
assumed and since p, 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 stableand 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
Du

Arecl
divertor) by assumingits shape is exponential with the same SOL width as the measured IR heat flux

profile (see appendix A.2). The 2PMR-predicted T, can be used to predict the target ion flux density
(Tt in ion/s m?) on a single flux tube, as shown in Equation 21 (Appendix A.1 Equation A.8). It is
importantto note that the 2PMR T; relation (Equation 21a) is identical to the flux surface equivalent
of Equation 16 (while usingthe 2PMR predicted T,- AppendixA.1), whichis shownin 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 f;o, (Tt (El-on,qpi),Eion) denotes that
recl

E;onand [4, 9, 11]. We obtain the flux tube specific g, from P, (Which is for the entire outer

fion (or fiin) isafunction of Ei,, and T, whichis afunction of E,,, and p./qre (assuming pressure balance).

2
T, = Ybu (21a)

D
2miqrecifrin (Tt(Eion:_u >'Eion))
Arecl

Ft = % X fion (Tt (Eionﬁﬁ): Eion) (21b)

To compare the experimental measurement of the totaltargetion current I, (as opposedto [};) to the
2
2PMR, we integrate [} across the SOL. I, can then be modelled usingp—u fun (Te) and f, . fy

Prect ’
parametrisesthe influence of the p,, g Spatial profiles as wellas the divertor magneticgeometry on

I;.. More informationis providedinappendix A.2.
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The observation that [, 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 153,
showingaclearlinearincrease as function of time (and thus upstreamdensity —section 3.1.1). Hence,
simply using I; & n,, , 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] is based, is not
appropriate for the TCV density ramp discharges studied. Similar in-depth investigations, where
changesin py, Qrec, Eion (Orevenpy, ;) have beenaccounted to model the expected I, trend have not
(vet) been carried out on other devices. It is thus unknown whether the often assumed I; « n2,,is
valid for other machines; the scaling I o< n2,, should be verified through the more complete analytic
model of equation 22 before the simplified DoD based on assuming I; < n2,, is utilised.

pi

In Equation 22, the maininfluence onl.is (see Figure 15b forall the terms). This basicscaling (or

recl
P2
[ oc —

p ) not only arises from the 2PMR, but can also be obtained from pressure balance (n,T;, =
recl

2n,Ty), the sheath target Equation (g, < ntTt3/2) and an equation for the (kinetic) target heat flux

T

(q¢ = T;Te). Thisresultsin I} « (equivalentto Equation 5.13 in [4] of the basic two point model),

dt
ngTs

providing an identical relation for the target ion flux as Equation 21a. Additionally, the [} .
t

scaling is also equivalent to the relationused 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 constantand only the upstream density is increased, a different scaling than I} « ng,u is expected
whenrecyclingenergy losses are accounted for as the powerflux required forionisationisincreased
at higherdensities, reducing .= g, fuin inthe process.

. P . . T} .
Since I; « —= increases linearly as nu,P—” must decrease roughly as 1/n,. Given that P, decreases
recl recl

duringthe density ramp (Figure9), T, (Figure 10a) must decrease more stronglyto give this scaling. As
Pgiv 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 overafactor 3 until detachmentis reached forthe 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 differentin 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 scaling 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 alsoindicate a I; < n,, trendin
the attached phase [64, 72].
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Measured pup / Greyct compared to the critical predicted level. d)
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A previous TCV study concluded that the
observedlineartrend of I, withn, indicated
that the divertor plasma was in a low-
recycling operation[37]. However, givenour
measurements thatthe targetion current is
dominated by the divertorionisation source
(section4.2) and that |, is properly predicted
by the 2PMR (which assumesthat all target
ion current is due to divertor ionisation)
strongly supports a characterization of the
divertoras high-recycling.

4.2.2 Detachment thresholds and
implications for momentum/pressure
losses along a flux tube (separatrix)

As shown in Figure 15a, the 2PMR (where,
for this case, we assume both constant
pressure alongthefield lineand a prescribed
upstream pressure) can only be used to
estimate [, until 0.8 s, at which time the
2PMR, under these assumptions, no longer
obtains a solution (appendix A.1).

It is evident from Equation 2 that the ion
current roll-over, together with a
fixed/decreasing target temperature, must
be accompanied by target pressure loss
( pr FtTtl/z) . The power and partide
balance model discussedin section 4.1 (egs
19,20), indicatesthat[} is a function of T; as
thereis a trade-off between using power for
ionisation and the power flowing to the
target expressed by f,, — Equation 17.
Combining this with p; « l"tTtl/2 has two
implications: 1) the target pressure cannot
be increased indefinitely, and a maximum

exists ( Decrit =%), 2) this
2yes(Te=—")

maximum is reached at a certain threshold

E; )
(T, = l)‘/’” ) where further decreases in T,

lead to a smaller increase in [; than
predicted by the decrease in 1/T2. That
critical maximum target pressure (or
threshold) is reached at ~0.83-0.87 s. The
changed relationship between I, and T,
must be provided by a drop in p. this
corresponds to the deviation of the ion



current from its linear (attached) trend. Solutions beyond this point are not allowed by the model
assumptions of a fixed p, and constant pressure alongthe field lines. Itis 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 modelis where the target pressureis maximised and target pressure
loss is necessary as I (T,) starts to rise slower than T,*? (Equation 16, 17), has been suggested by
Krasheninnikov[11, 15] to be a ‘detachmentonset criterium’: for target temperatures below thislimit
insufficient power is transferred beyond the ionisation region to sustain a sufficiently high target
temperature forthe target pressure (whichis collapsing) to match the upstream pressure. Stangeby,
although not calling the above limitsa detachment threshold, argues properlythattoreach T, < Ei,n/v,
processes which continuously lower the target pressure as the target temperature becomes lower
(e.g.the target pressure mustbe a specificfunction of the target temperature) isrequired [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.1.3and [1] for more information.

These ‘detachment thresholds’ can be written in three different forms, givenby 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 givenin equations 23b,cexperimentally (section 3.3, 4.1, Figures9,11) 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¢crir =

Arecl

o Under the assumption of pressure balance, thisis commonly written [4, 11] as a critical

— e
2ycs(Tr= v )

thresholdforp, / Qr, above which p, / g, cannot rise (Equation 21a - assuming p; = p.), where ¢, is

Eion

, (pt/ Qreat)erit, Which appliesto a flux tube — not the average over

the targetsound speedat T, =

the divertor, iscompared to the experimentally inferred p./Q.eqin Figure 15c. The increase in py/Qreq
ismostly ascribable toa drop in g, duringthe pulse.

_ drecl ( Pt ) _ 1

. = - - =—x 23a
Pecrit ZYCs(TFEL;n) Arect/ crit  ves(Ti= l;m) (232)

_ Eion
Tt,crit - (23b)

Y
1

fion = > (23¢)

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

trend) (Figure 15c). This is similar to the other detachment criteria (f,,= 0.5 (Figure 12a), T; = E‘%

(Figure 11)). As discussed earlier, 0.83-0.87s also corresponds to where the separatrix current density
starts to roll-overfor this particular case (Figure 4b).

4.2.3 The 2PMR and pressure losses
The measured p./q.u rises above the (py/dred)eaic threshold (figure 15 c), which is indicative of
volumetricmomentum losses causing a separation betweenp, and p.. Defining momentum loss by p,

fmom = Po then the separation of (py)eic and (Pi)eric is accounted for by 1/fn.m (Equation 24). This

equationimplies that, given aknown amount of f,,,,, and p;, .., there is a certain maximum upstream
pressure limit consistent with those two parameters.
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Dtcrit 1
= = T (24)
fmom QTeclfmomVCs(Tt= l;n)

pucrit

From Equation 24 we find that f,,,.,, would needto start to decrease from 1 at the detachment criterion
to ~0.4 at the end of the discharge to match the measured p,/qe (Figure 15¢) to (pu/Qrect)cric in the
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 greaterthan 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 thation’s momentum, which is an overestimate. Although the Self-Ewald modelis an
oversimplified momentum loss model, it does yield results in fair agreement with experiments and
simulations [5, 15, 74].

That agreement may arise ‘accidentally’ from the temperature trend of f ., 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] as well as experimental measurements of Da
[1]. Momentum loss can also occur due to recombination. However,from asimple SOLmodel [76] we
have evaluated thereduction of f ., due to recombination for the case studied and found it negligible
(smallerthan 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 the field lines, leadingtoa reductioninthe high pressure
regions nearthe separatrix [74].

With those caveats in mind, we integrate the spectroscopically—determined profile of charge-
exchange and ionisation rates alongthe outerdivertorleg (Figure 5e) to calculate the Self-Ewald f o
as a function of time, Figure 15c. We thus derive f ., from measurements, as opposedto a prescribed
function fom (Ty) as usedin [4, 9, 77], whichisunknown for TCV. This approach supports a roll-over in

the 2PMR butdoes not support T, < Ei%, which would requirea f.om (T:) parametrisation (see section

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

As shown in Figure 5e, charge exchange to ionisation ratios are higher near the target during
detachment than elsewhere in the divertor which, in the Self-Ewald model, resultsin larger inferred
momentum losses. Note that we use the local temperature (excitation), charge exchange and
ionisation rate estimates obtained spectroscopically foreach 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 occurin the volume of the divertor [35]; not justin
front of the target as observed in simulations [77] for other machines, which may invalidate making
fom @ function of the targettemperature.

at+1l

fmom =2 (L) : (25)

a+1
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Our estimate of f,,m, using the Self-Ewald model, drops from ~0.9to ~0.3 ([0.2 — 0.4] with uncertainty)
isshownin Figure 15¢c, in agreement with the momentumlosses obtained experimentally [62, 73] and
withthe f, . required to explain the increase of p./d.. beyond the p./q.. limitdiscussed 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) carrying that
momentum away [75, 77].

4.2.4 The case for divertor processes reducing the upstream pressure and density
The results of the previous section show that the rise of p./q..q beyondits critical pi/g.eq limitcan 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 discussedby severalauthors of analyticand modelling studies[11, 12, 14]. In section 4.2 (before
section 4.2.1) we have already shown that this reduction in upstream pre ssure is correlated with a
reduction of stored energyinthecore. Thisis one of the several possible explanations that may explain
the reduction of the upstream pressure. The reductionof the upstream pressure and therole it plays
in matching p./q.« to its critical threshold (Equation 24) is discussed here further.

Recombination has been predicted to lead to saturation of the upstream density when its rate
approachestheionizationrate in aflux tubethroughafeedback loop [78]: as n,increases, the divertor
cools further, henceaugmenting the recombinationsinkand moving the recombination region further
towards the x-point, potentiallyimpeding ariseinn,[78]. Thisis not the case forthese TCV discharges
as recombination remains low and can be negligible. In addition, the recombination region peak does
not move faroffthe 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. Itisimportant to reiterate that,although an | roll-over requires a target pressure drop which
increases faster than T,*? (Equation 2), analytically (from the viewpoint of the 2PMR) this can be
provided by either volumetricmomentum loss and/orareductionof upstream pressure (Appendix 4).
However, experimentally, one would liketo avoid adegradation of the upstream pressure in reactor-
relevant divertor solutions as this can influence the core plasma [4]. This requires p, >> p; and
necessitates volumetricmomentum loss to reduce p..

Using Equation 24, we make a direct comparison betweenthe measured (Thomson scattering) p,, the
maximum upstream pressure limit p, ¢irand pycic (Which, inthe case of nomomentumloss —f,, =1,
equals pycit) as a function of time (Figure 15e). The measured upstream pressure rises during the
density ramp, while py cit fmom @aNd Prcric drop due to a decrease in g, Until p, crosses pycic and pyeic at
~0.8 s, the detachment onset point. After that time the target pressure limitdecreases further while
volumetric momentum losses start to resultin a bifurcation between the upstream/target critical
pressures. Despitethis bifurcation, p, .+ flattens and eventually rolls over, while p, continues to track
Pucit- 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 pressureisrequired as well toreach p, .. Thisis 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. Thatassumption results inthe (mis)understanding that all the required p.drop must be
provided by only volumetric momentum losses. These TCV results, however, show that both an
upstream pressure drop and volumetric momentum losses contribute to the required p. drop.
Accountingforupstream pressure changesisthus crucial for understanding detachment.

4.2.5 The role of momentum loss and upstream pressure loss in targetion current loss

As describedinthe introduction, researchers generally look at detachment with different emphases:
power/particle balance and momentum balance, which mostly focusses on volumetric momentum
losses. As explainedearlier, the 2PMR, combinesboth points of view and in the 2PMR both approaches
are equivalent (equations 21a &b, derivesin A.1equation A.8). The 2PMR predicts detachment occurs
when power limitation starts (Pion ~ % Prea; T: ™ Eion/Y ~ 4-6 €V), which corresponds to the point where
theiontarget currentincreases slowerthan 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 eithera power/particle or pressure balance description —which are equivalent
inthis model.

It is striking that the temperatures (T. < E,./y ~ 4-6 eV) 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 atomic physics. This seeming coincidence of divertor and
atomic physics implies volumetric momentum loss develops when power ‘limitation’ conditions
(Prec<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 volumetricmomentum loss must be consistent with each other. This means
the role of volumetricmomentum loss can only be fullyunderstood if all the processesinfluencing the
upstream pressure are understood. These may be divertor, scrape-off layer and core processes.
Examples could include changes in cross-field transport of energy, momentum and particles or
volumetric losses within a flux tube, or both. The reality, however, is that we lack a quantitative
understanding of how p, isinfluenced 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 playsin detachment.

Nevertheless, it is unlikely that momentum losses directly reduce the iontarget current during fully
power-limited (P, ~ Pion) detachment as I, ~ P../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 T.) and thus higher divertor radiation and higher
recombinationrates.
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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 targetion flux trend(section 3.2), additionalion 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(l,,), can be neglected as asource of ionsreaching the target. While direct measurements of
ion flowsintothe 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 such as ExB flows.
Furthermore, thisinvestigationignoresthe influence of ionisation in the scrape-off-layer explicitly.

B, rwall Ty (1)
Ly~2m MuB—’:fsepemtrixr ny(r) |==dr (26)

4

To estimate the maximum possiblel,,, we use M, ~ 0.5, the upper bound of a previous survey of
upstream Mach number profiles across three tokamaks [79]. To compute this conservatively large |,
(Equation 26), separatrix upstream densities and temperatures were measured using Thomson
scattering, while their profiles were measured
with a reciprocating probe (details are provided
in appendix A.2). The resulting l,,, shown in
Figure 16 for the high current density ramp
discharge previously discussedin sections 3and
4.1, 4.2, increases during the core density ramp
which, of course, also raise the SOL density and
thus /,,. I, 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, |, increases to ~30% of the ion
inferred ion flow from the SOL and the recombination rate. (oute r) target flux andionsource.
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The overall particle balance (Equation 27) would be consistent with the addition of our estimated |,
within uncertainties. Even with |, included, the ion source, I;, remains the largest contributor to the
target ion flux and its roll-over after the detachment onset. Based on the measurements shownin
section 3.1; itislikely thatthisisthe case also forlowercurrent (e.g. lower density) discharges.

Iy =1y +1; — I (27)

lonisation in the scrape-off-layer increases as the core density is increased according to SOLPS
simulations [18, 35, 56], contributingto,,. This ionisation occurs eitherfrom recycled neutrals from
the main chamberor from escaped neutrals from the divertor.

Otherpossible sources/sinks that could affect eq. 27 are molecularactivated ionisation sources(MAI)
and sinks (MAR). Evidence for molecular reactions which may lead to MAI/MAR has been found from
the measured Da in TCV [1]. The measurements shown insection 3indicate thatthe sum of all these
otherionsources/sinks as wellas ion flows into the divertor region which also flow to the outer target
divertorappeareithertobe negligible orto 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 isthe development of targetion current lossin detachment whichis set
in motion when the powerflowinginto the recycling region drops to twice the level required for the
ion source - Qrec/(Eion e) ~ 2. This leads to a ‘power limitation’ of the ion source. This appears to be
the maindriverof the I, roll-overon TCV, while recombination hasa much smallereffect and occurs
after the roll-over of I.. Power limitation can play a dominant role in ion current loss during
detachmentwhen.is (almost) fully delivered by the divertorion source (e.g. ‘high recycling’), which
is verified in this paper for TCV. The assumption that the divertorisin a high-recycling conditionis
more likely true for closed, higher density, divertors than for open divertors such as TCV. That said,
preliminary results atlowercurrent between both field (B) directions indicate that the magnitude of
possible ion flows into the divertor (lso, —section 4.3) may be changed with the field direction. Such
changes are likely due to drift effects [80]. Additionally, the power asymmetry changes with field
direction [68]. This may influence to what degree ionisation contributes to the ion target current.
However, measurement accuracy is reduced in these conditions due to the low divertor densities
reducingthe Stark broadening density inference accuracy.

Asecond questionregarding the wider applicability of the TCV resultsis on the timing (and magnitude)
of the significant contribution of the electron-ion recombination sink. In TCV, this is both after the
detachmentonset(Pin/Prea ~ 0.5; T~ 4-7 eV) and the target ion current roll-over (Pign/Prea ~ 0.7; T, ™
2 eV). Instead, volumetric recombination becomes significant at temperatures <1 eV, which occurs
when Py, ~ P.o. Therefore, it seemsthat powerlimitation and the detachmentonset (Pion/Prec ~ 0.5)
occur beforevolumetric recombination becomes significant, which is expected to be general evento
higherdensity and higher power machines as the argument basedon temperature. ‘Power limitation’
(9rect/ (Eion Te) < 2 ) is thus expected to be arequirementin highrecycling regimes to reach the conditions
for limitingthe 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]; analyticmodelling as well as SOLPS modelling for TCV
[35] and that forother devices [12, 81].

However, how ‘quickly’ one goes from Pio,/Preci™ 0.5 t0 Pign/Prect ~ 1 (and thus recombination relevant
conditions) during detachment can depend on a range of parameters (including how quickly
momentum loss develops [1]) and s likely better addressedin fluid models of higher density plasmas.

When Py,./P.a ~ 1 conditions are achieved, 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 iontarget flux by a factor 10-100 duringa core density ramp [8]. This could alsoresultin
a more significant movement of the recombination and density peaks (front) at the deepest detached
conditions.

We note that the effect of N,-seeding to reach detachment strongly reduces the level and importance
of recombinationasanionsink for TCV. This does appearto scale to higher density tokamaks, such as
C-Mod [8] and JET [32]. It thus seems generally true that volumetric recombination is not a
requirementfor (roll-over) detachment.

We do expect the characteristic gradient scale lengths of various quantities such as ionization,
recombination and CX to be shorter (poloidal and along B) in tokamaks with higher densities and
parallel power densitiesthan for TCV. Certainly the parallel heatfluxwould be 100x largerin ITER than
TCV leading to smaller parallel-to-B temperature scale lengths in absolute value and relative to the
divertorsize ALy (ALg ~AT /qywhere ATis 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, forthe 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 particleand power fluxesand may also change
the flow of the impuritiesin 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 g, S0 that it limits the ionization source during
density ramp discharges. However, as q,, isincreased, reachingP ..~ 2xP;,, without additional impurity
seeding is correspondingly more difficult to accomplish during density ramps 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 true for JET [32] and C-Mod
[8]) than for density ramp-driven detachment, the connection between seeding and recombination
needstobe betterunderstood.

In addition to the discussion above, several caveats for general divertor detachment investigations
have emerged from this study, relevant for detachment investigations on other devices. First, the
linear increase of the target ion flux on TCV with upstream density for an attached divertor is
consistent with considering allaspects of the 2PMR model. This pointsout that the often-useddegree

of detachment (DoD) scaling ([} « n_ez) must be modified to account for changes in upstream
parameters (n,, T.) and divertorradiation. Lastly, target pressure loss during detachment can be due
to both volumetricmomentumlosses and a drop in the upstream pressure;itis unclearwhetherthe
upstream pressure loss is driven by upstream processes (e.g. cross-field transport) or by changes in
the divertor, orboth.

5. Summary

Spectroscopic measurements of the TCV outer divertor plasma, combined with novel analysis
techniques, has enabled an in-depth study of the roles of various processes (ion and power sources
and sinks) controlling the divertortargetion current during detachment. Of particularimportance to
thisstudyis the new ability to determinethe poloidal divertorionization source profile, and thus the
total divertorion source. These novel measurements provide the first experimental verification that
the ion source (1)) in the divertor can be the primary determinant of the target ion current (l,) from
attached conditions through the detachment onset and I, drop (roll-over) in TCV. The volumetric
electron-ion recombinationionsinkis relatively small or negligible until after the roll-over of |, when
T, reacheslow values. Volumetric recombination thus seems not to be a requirement for detachment
and should only occur at temperatures lowerthan when the ionization sourceis limited.

Our power balance measurements during a core density ramp show that the onset of detachment
occurs at a point when the power flowing into the divertor minus divertor impurity radiation (the
power flowingintothe recyclingregion), P.., drops to a value thatis twice P,,, the measured power
required forionization (fion=Pec/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
P/ Pion and T, continue to drop during a core density scan, the ion source and targetion current start
dropping (roll-over) at P,eo/Pion ~ 1.4 (T~ 2 eV). As P/ 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 divertorionization 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 recombinationis further diminished.

We have also shown that our experimental measurements are consistent with analytic and 2D
modelling predictions. Simple powerand particle balance analytic models, using target temperature
measurements, predict the target ion current from attached through detachment onset and the
currentroll-over in quantitative agreement with the |,measurement. It also shows that the ion source
can be written as a trade-off between the maximumpossibleion source (P../Ei.n) and fraction of that
power spent on ionisation (fi,, = Pion/Preat), Which increases with decreasing T/Ei.,. The f,, predicted
from T/Ei.n quantitatively agrees with f,,, 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)—as isdoneinthe 2PMR’ modelin this work. That consistency leads
to three equivalent quantitative predictions for the detachment onset: T, = Ei,/y ™~ 4-7 eV, fion= 0.5,

and py/Qrea = T~ g N/MW. All three have been found to match, within uncertainties, the
2EjonY

experimentally-determined detachment onset. The extension of the I, prediction beyond these
thresholds requires pressureloss. The observationthat atomic physics suppliesvolumetric momentum
losses when the detachment onset criteria requiresit (when required by plasma physics)is striking.

Our measurements have further validated the physics included 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
quantitative agreement.
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A.1 Two point model with recycling energy losses (2PMR)

In literature [4, 11], the effect of recycling losses has been added to the Two Point model [4], which
we referto as the “2PMR”. In this section, a more explicit derivation of adding the effect of recycling
energy losses to the Two Point modelis 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
detachmentaswell as predictions of the ion target current/target temperature given measurements
of Qrec, Eion @and p; (or, assuming a known f ., of momentum losses, p;= from Pu). A Mmore detailed
discussion onthis ‘2PMR’ can be foundin [1].
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A.1.1 2PMR derivation

We assume the targetionflux (I}), on a single flux tube, is fully determined by the ionisation source
on that particularflux tube (I3) (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 in the
divertorare negligible. Furthermore, cross-field transport of heatand/or particlesisignored.

Ft = Fi (Al)

Itisdefined that g,..; equalsthe kinetic part of the heat flux reaching the target g, = yI; T; plusthe

power flux spentonionisation E;,, [}, yieldingarelation relating g,qc; to q¢, and T* whichiis defined
as the ratio between energy spentonionisation and kineticenergy reachingthe target T, = g L
won

, as

explainedinsection 4.1. When thinking of the divertoras separate ionisation/recycling and impurity
radiation regions, .. physically represents the powerflux “entering” the recycling region. However,
our arguments do not depend onthe localisation or possible overlap of these regions.

Eion
Qrect = Eionli + qe =y Tt 1+ T
Vit

*

T,
-4 = CITecthTt* = Qrecl fkin (A.2)

Usingthe sheath target conditions (Equation A.3), arelation forthe target temperature as function of
the heatflux reaching the target and the target pressure p,can be established (notethat p.is the total
target pressure); whichissimilarto the “default” two point model result [4]. Here it is assumed that
the Mach velocity near the targetis 1. We deliberately utilise the target pressure p., instead of the
upstream pressure p, in equation A.3to make the derivation more general

qc = yneT;
ST, = ﬂ(q—f)z (A.3)
£ y2 \pe '

By combining Equation A.3with Equation A.2a prediction for T, is obtained (Equation A.4.1), whichis
the central equation of the 2PMR. This equationcan be re-writtenin aquadraticform (equation A.4.2)

2 2
2m;(q VT,
7y = ()’ _rn) na)
14 Dt YTt+Eion
. . 2 2
th + (ZE;:;n _ 2;7211 (q;e;cl) ) Tt + E)l/ozn =0 (A42)

Before discussing solutions of equation A.4, which provide T, as function of e, p: and E;,, first we
will utilise equation A.4.1to derive two expressions for I; from the 2PMR.

First, we combine Equation A.2 and Equation A.4.1to obtain a relation fortheion target current flux
interms of py, e, Eion and physical constants —equation A.5. This equation has an equivalent form to
y v}

idqt
which emphasizes the role of target pressure loss during ion target current loss as emphasized by

equation 2. Here f, (T¢") isidentical to f, introduced in section 4.1.

the ‘default’ Two Point Model expectedion targetcurrenttrend (e.g. I} = 2 where g; = qreat fiin)y

Eion
drect = Eionli +q: =yl Ty (1 +
YT:
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[ = Qrecl _ Qreci yT¢
t yTt + Eion y 2 m; (qrecl)2 ( VTt )2 Eion + yTt
v \pe / YTt +Eion

2
L=—"YPe A5
t 2m; qrect fkin(T;) ( )

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 f,,, (T;") isidentical to f,,, introduced in section 4. 1. Equations
A.5, A.6 can be evaluated using the expressions for f,,,, fi,» With the T, result obtained by solving
equationA.4.1.

Eion
Arect = Eionli +q: =yl Ty (1 +
YT:

I = Qrecl _ Arect  Eion
‘ yTt + Eion Eion Eion + yTt
I =2 fion(TY) (A.6)

Therefore, the 2PMR essentially provides a bridge between the power/particle balance model
treatedinsection4.1, and the ‘default’ Two Point modelfor divertor modelling, which emphasizes
the role of momentum balance. Italso shows thatan 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 balance (equation A.5) accounts for
power/particle balance implicitly through including the target heat flux.

A.1.2 Solving for T;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 p:+/dreci, Eion-

Equation A.4 can be solved either numerically or, under the assumption that p./q,e (Or pu/Qrea With
pu=pPfmom) and E,, are independent/control variables to determine T,", analytically as a quadratic
equation, resulting in Equation A.7. Note that this explicitly implies that p,/q. (0r P./Grecs With
p.=Pdmom) as well as E,, do not 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 analyticdivertor models[4, 9, 11, 15] and likely apply
in attached conditions.

T, = (ﬂzi(‘h”ecl)z _ ELﬂ) + ’1; (Qrecl) \/121 (‘Hecl)z _ 2Eion (A.7)
14 143 14 14 Dt 14 Dt 14

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

(T, = ;‘/’";)ls stable (Equation A.8) in steady-state conditions as has been explainedin 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
these simulations, p, is fixed and momentum losses are removed (e.g. thus fixing p,), resulting in

E‘;‘/’", which may be unrealistic [71]. Hence, we

oscillationsand supersonicflows whenaccessing T, <

E; .
;’”, of Equation A.5 cannot occur.

assume thatthe negative branch, T, <
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In the analytic model we see that the target 10°

Arecl

temperature drops when ( ) decreases,

Pt
which is consistent with experimental —,'l

conditions where a density ramp or impurity

: . Qrecl E..=30eV
seeding (e.g. a drop in ) results in a target 5 V=7
10 :
temperature reduction. Th|s temperature drop
2 , 60}

2E, . -

occurs until — (qml) — =22 =0is reached & p, = 75 Pa fixed
Pt Y o 4

. o . s = <
(equation A.7), at which the minimum & P.= Pun & P, S 75 Pa
temperature possible in the positive branch of 20t Psolf Ewglt)ﬂx Ll

equation A.7 is reached: T; = E‘;” ~4 eV (for 0

Ei,n=28 eV and y=7). Although E,,, increases as
the divertor cools, this increase of E, is
negligible until this temperature (see section
415 and [1]). When combining the
temperature expression in equation A.7 with
theion target current predictions (equation A.5

I, (10* ion/m* s)

0 5 10 15 20 25
Quoer (MW/m%)
Arecl
Dt (Where Tidecreases Figure A.1: 2PMR results of T, p,, I} as function of qgrecfor three
different target pressure behaviours during detachment. The
analytic predicted detachment onset (equation A.9) is shown
roll-over. with the vertical bars. The maximum p: at (pt/Qred)crit is shown.

and A.6), a decrease in——

LOTL

upuntil Ty = )W|IInotresultlnamoncurrent

All of this implies that the equation A.7 cannot be used to model the detached state, which has
temperatureslowerthan4 eV and an ion current roll-over. An example of thisisshowninfigure A.1,
where py, Ei,n and q,e are independent parameters, of which py, Ei,, are fixed and g is scanned. T,

and [} are shown as function of e, providingasolutionforT, > Eion

The above remainstrue evenif a fixed (e.g. not explicitly dependent on T,) momentum lossthrough p;
=fmom Puisintroduced. This would reduce p./q.., reducingthe ion target current while also increasing
the target temperature. This raises the question, whatis requiredto get a detachment-like behaviour
inthe 2PMR?

A.1.3 2PMR and detachment

A simultaneous drop of both I} and T; implies% [} > 0, which requires, according to equation 2:

d
ar, [} x ar, (pt 2) > 0. That equation can only hold if the target pressure is dropping as a specific
d
function of the target temperature and obeys: apt> 2T, . This implies, for instance, that when
Tt

*

parametrising p;(T;) = poT;
Thistarget pressure loss could either be due to momentum lossesincreasing with targettemperature
or due to the upstream pressure dropping with target temperature, oracombination of both.

in the detached (T;" < 1) regime, roll-over only occurs fora > = [1]
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140

Parametrisationsin literature for p. are,
. forinstance, obtained by assuming that
120 | i Maximum ;

0/q. the upstream pressure is constant and
100k [ assuming a parametrised form of fom
= as function of the target temperature.
; 80 - 1 Those forms of f..m are, for instance,
E ; retrieved by the Self-Ewald model [9] or
g: 80 ] by analytic fits through

0 | measurements/SOLPS data [9, 85].
T, dependence However, such parametrisation
2008 | functions are likely
. ‘ , . ‘ . experiment/machine specific, are not

o o5 1 15 2 25 3 35 4 45 5 easily experimentally obtained and
T =T/ theirdeterminationis generally ad-hoc.

. . . . - «1/2 1 . -
Figure A.2: Visualisation Ofﬁ =vyy2 miEl-mll/ZTt / el functionof Therefore, itis preferabletoanalysethe
T: for deuterium with Eion = 28 eV and y = 7. The regions where the 2PMR without relying on this
maximum p:/qreq 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
Dt -1/2,x1/2 1 * Ty
— =y J2m;E;, ""T/""——(where T, =
drecl 14 tZion t T§+1 ( t Eion
solution would provide the solution to T,". Figure A.2is thus generally applicable, regardless of the

parametrisation p;(T¢).

parametrisation.

). The intersection of p; (T;) curve with the shown

Con5|der|ngthat relatlon,pt/qrec.mcreases aSTtIS decreased until amaximum VBlUE( Pt ) = ’ZE : Y
ion

Arecl
Dt

drecl
target pressure, given avalue for g, and E;,,. Thisalso means that, given a ratio between the target

and upstream pressure (fmom = Pt/Pu), thereis a maximum possible upstream pressure, expressed

isreached after which ( ) has to drop continuously. Thisimplies that there isa maximum possible

by equation A.9. That maximum target pressure is reached at T; = Ei;" and thus f,,, = fi, = 0.5.
Pt

Therefore, toreduce the target temperature below thatvalue, areduction of isrequired and the

Adrecl

magnitude of the reductionincreases with lowertarget te mperatures.

(”“) =1 | (A.8)

drecl/ crit fmom~\| 2EionY

Pt

Adrecl

The critical point where the start of such a reductionisrequired can be writtenas three equivalent

criteria — equation A.9. The required reduction increases when considering E,,, 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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(ﬂ) L S —— (A.9.1)2

Arecl/ crit - 2EionY a 14 Cst(TL:Ei;n)
Eion
Ty crit = ( » ) (A.9.2)
fioncrie = 1/2 (A.9.3)

This point has been defined by Krasheninnikov [11, 15] as the onset of detachmentand by Stangeby
[4, 9] as the limit of a regime where solutions such as equation A.7 stop applying and momentum
losses need to be accounted. We use thesecriteria 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.g. 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

7] d -3 .
currentroll-overoccurs when o [} x o (P T, ?) > 0, thiscould occur before the detachment onset
t t

criteria if p, drops sufficiently rapidly before the detachment onset. However, experimentally in this
paperwe show that this does notoccur on TCV.

Now we can ask the question on how much target pressure loss is required during detachment?
Certainly, in a case where qreq, Py, Eion are free parameters where g is scanned, we obtain a point
where the maximum ratio p./q.. (equation A.9.1) is reached, as shown infigure A.1. Since this ratio
cannot go any higher, any furtherreduction of q.. requires at least an equal reductionin p;such that
P/qr does not exceed the maximum possible value —e.g. stays at the peak shown in figure A.1. In
otherwords, this provides us withthe minimum required reduction of p,when g, is further decreased

mi

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

). Inthat case the targettemperature
Arecl

ionY

. E; .
would remainstuckat Ty ¢r = ( l)"/") (equationA.4).

What happens when weobtain a larger reduction of the target pressure than this minimum reduction?
Dt

Arecl
lower target temperatures, as shown in figure A.1. This requires the target pressure to become

parametrised function of the target temperature [4, 9], whichis also required fora simultaneous drop
of T, 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 f,.m (T;) is dependence while a fixed value for p, is assumed (e.g.
p: (To) = from (Ti) pu). The result shows that both p; and T; drop as g, is decreased beyond the
detachment onset. With a p, reduction given by the Self-Ewald model, p; already drops at higher
temperatures before 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 todrop) and the ion currentroll-over. This depends stronglyon 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/qreci — this will be explained later) is twicelarger than in [9]. However, the
calculated threshold (Figure 15c)is ~2 x smaller than the quoted 15 N/MW [9] likely dueto different values used
for E;,,,y. However, this pointis identical tothe p.?/ q|| reached in[2,7], using Equations 5.37,5.39 on p. 237,
238 with Tt =Fion / 7.
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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 flux surface
corresponding to the separatrix. This means that p,, Ei,, and g, Should correspond to their separatrix
values. Since no p. values are available, we assume pressure balance p; = p,, which seems
experimentallyan accurate assumption before the detachment onset. Although p, can be obtained at
the separatrix (from Thomson scattering from the chord closest to the separatrix), assumptions must
be made to estimate E;,, and g, On the separatrix.

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

To estimate e, at the separatrix we divide the powerentering the ionisation region (P — section

3.3), withan effectivearea, Aofr = 2 nRtargets—tASOL [4], whereitisassumed that the radial location
(4

of the ionisation region is the same as the target radius. A, depends on the ratio between the

toroidal and poloidalfield (%) and scrape-off-layer width Ag; . The SOLwidth has been approximated

by using A4 in; of the heat flux profile measured through IR imaging at the target, which has been
mapped upstream [44]. The choice for a characterisation using A4 ;,; for the spatial profile of g
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 q.. is the same as that of the target heat
flux, which enables extracting ¢ from P using A4 ins. Volumetric radiation could, however, alter
this heat flux shape. This shape modificationis, however, expectedto 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
deviationsfromthe portrayed trend of q .

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 (p., q,..;), which can be
compared with the experimentally measured integrated ion current. This requires Equation A.5 (or
A.6) to be integrated along the entire divertor floor —Equation A.10, where n, is the upstream density
and T, is the upstream temperature. Forthis we utilisethe T,expression from equation A.7, where we
assume p; = p, is a control parameter. For the sake of simplicity, we assume that f,;, at the separatrix
is characteristicforthe entire divertor. Such an assumption can likely be made since the influence of
finon Equation A.5is limited as f,;, can only vary between 0.5and 1.

I, = [ 2nr Tdr

_ym 1 (1) *Ty(1)?
¢ m; frin Areci(T)

(A.10)

To simplify the expression of the integral, the upstream density and temperature profiles are broken
up in theirseparatrix values (e.g. n,°) timesafunction describing their profile behaviour (e.g. fnu(r))
as shownin Equation A.11.

My (1) = fo, Ny
Ty (r) = fr, T
Trea(r) = erecl(r)TT? (A.12)
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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, ,(r), fr, (r)) are
obtained by fitting reciprocating probe upstream density/temperature profiles, at the probe plunge

_ITrsep _TTrsep
times, withadouble exponential: f, = A;e 41 +A,e 42 whererg,,isthe separatrix radius
upstream. A single exponential profile using A, ine has been used to describe the profile of g,.¢; (1),
whose integral equals P as shownin equation A.12, again assuming that the heat flux shape at the
targetis similartothe heat flux shape of q,.q upstream entering the recycling region. Since the model

of appendix A.1requires the parallel heat flux (qﬂed) equationA.12 also shows thefield mapping used.

_T—Rsep
ﬁlrecl(r) = é€ Aq,int
0o _ [ 2mr farea(r)dr . 2MRsepq,int
qrecl Prect Prect
I _B
rect = B Qrecl A.12
t
Using these profile expressions, the target ion flux can be expressed as shownin Equation A.13. The
. . 1 . . 92
modelledintegrated targetion currentscalesas (evaluated at the separatrix), times Pp” (where
kin recl

p.’ is evaluated at the separatrix) times f;,, which is a parameter describing the influence of the
evolution of all spatial profiles as well as divertor geometry on |, as indicated in Equation A.13, which
isintegrated from the separatrix until infinity.

f, outside of the reciprocating probe plunge times is interpolated by fitting a polynomial to f, across
all probe plunge times. Uncertainties in p{}, P.. and f,, are accounted for, while uncertainties in the
profile description are neglected. The separatrix values of the upstream de nsity/temperature/target
temperature are referredtoasn,, T,, T; in other parts of the paper.

2ym? 1 02
=21 X — X fp X Pu
m; fkin Precl
_ B © R0
fo = Rsep/lq,mth Tsep!| Farog™) dr (A.13)
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