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Abstract

Control of the detachment front between the target and the X-point is necessary for minimizing the effect of detach-
ment on the core plasma (core radiation and loss of confinement) and maximizing the divertor functions (reduction of
target heat load and sputtering, He pumping). However, such control has been difficult in experiments. The SOLPS-
ITER code has been utilised to study the issue for MAST-U Super-X plasmas where detachment is achieved through
two separate scans of ‘control’ parameters - outboard upstream density (nu) and the divertor impurity concentration
( fI). We find for either nu or fI scans that initially, as in current tokamaks, the detachment front moves quickly away
from the target after detachment onset. However, in the Super-X geometry studied here, the sensitivity of detachment
front location (in a normalised parallel space), z f , to the controls drops significantly in a region of high parallel gradi-
ents in the total magnetic field in the divertor. A simplified analytical model of the sensitivity of the detachment front
movement to controls including nu and fI has been generalised to obtain z f for an arbitrary divertor total magnetic
field profile and applied to the case studied here. We find that the model approximates the SOLPS results for both
scans - a significant drop in the sensitivity of the front location to is predicted in a region of high parallel gradients
in the total magnetic field. However, it is found that the significant drop in sensitivity in parallel space translates to
a relatively mild reduction in sensitivity in poloidal space. Such slowing down and/or stopping of the detachment
movement, if further substantiated, could provide a route to much improved control and the potential to passively
stabilizing the detachment location in the strong region for a wide range of core plasma transients.
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1. Introduction

An important challenge standing in the way of commercial fusion power is mitigating high heat and particle
fluxes delivered to plasma facing components (called ‘divertor targets’) in tokamaks [1, 2]. A phenomenon called
‘divertor detachment’ has been shown to give large reductions of plasma pressure at the target and concomitant drops
in parallel heat and particle fluxes reaching the target [3] - it is likely that commercial tokamaks will need to operate
in the detached regime [4].

Detachment initiation requires low plasma temperature at the target (typically ≤ 5eV) - this is normally achieved
by increasing the outboard mid-plane density or introducing impurities which radiatively dissipate heat in the divertor
[5, 6, 7]. Following detachment onset, a roughly uniform low pressure and temperature region expands away from the
target towards the X-point. The upstream end of that cold region is called the detachment front which is contiguous
to the low temperature edge of the ‘thermal front’ - a region of steep temperature gradients driven by power losses
from the flux tube in which the temperature transitions between the hotter upstream region and either the target (when
attached) or the detachment front after detachment. The detached region is dominated by recombination and other
neutral processes [8]. The high radiation of the thermal front is often observed to move all the way to the X-point
[9]. The presence of a low temperature region at the X-point can lead to varying degrees of core energy confinement
degradation; either directly by introducing a cold region next to, or inside the separatrix; or indirectly, through easier
penetration of neutrals and impurities across the separatrix [10, 11, 12]. Although X-point radiation without much
loss of energy confinement has been achieved in ASDEX Upgrade, this may not be applicable for future machines
operating closer to the L-H threshold. The compression/enrichment of impurities and neutrals in the divertor has
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also been found to degrade during detachment, which can result in core contamination and also raises concerns for
pumping helium in a reactor when the divertor is fully-detached [13, 14]. It is therefore important to identify the
optimal detachment front location and to find ways of holding it at this position - feedback control of the detachment
front location is a requirement to maintain any such divertor solution.

There have been several successful detachment feedback control experiments using impurity seeding gases for
control of outer divertor detachment in H-mode plasmas [15, 16]. However, the detachment front was only held either
at the X-point or the target (on the verge of detachment) in these experiments. The ultimate goal is to determine if there
is a core and divertor scenario that is compatible with a cost-effective, energy-producing, controllable reactor, and that
allows control of detachment. This requires the ability to hold the detachment front anywhere between the X-point
and the target - the detachment front location depends on the values of ‘control’ parameters like the outboard midplane
density, nu, the scrape-off layer impurity density fraction (concentration), fI = nz/ne, and power crossing the separatrix
into the scrape-off layer, PS OL. Holding the front at any location is thought to be difficult in current devices due to an
extremely small ‘detachment window’. The detachment window for a control parameter C = nu, fI or PS OL is defined
as the range C× − Ct where C× and Ct are values of C when the front is at the X-point and target respectively. So a
bigger detachment window corresponds to better control. An understanding of the dependence of the front location
on control parameters is therefore crucial.

This problem has recently been addressed using an analytical model called, herein, the detachment location sen-
sitivity model (DLS) which provides theoretical predictions of the detachment position dependence on three control
parameters and the divertor magnetic topology [17]. The model predicts that increasing connection length and de-
creasing total magnetic field strength, B, from X-point to target increases the detachment window for all control
variables. In particular, the sensitivity of the detachment location (in parallel space) to controls is predicted to be
inversely proportional to the parallel gradient along the magnetic field in the divertor (i.e. improved control in re-
gions of strong parallel B-field gradients). This implies that the ability to control detachment will likely depend on
divertor magnetic topology (and hence geometry). Advanced divertor configurations have been proposed which may
enhance detachment control and power/particle exhaust through increased poloidal and total magnetic flux expansion
and neutral baffling. The upgraded Mega Amp Spherical Tokamak (MAST-U) has been upgraded to test one such con-
figuration for the outer divertor known as the Super-X [18, 19, 20]. The MAST-U divertor design allows for greater
control of divertor magnetic topology and improved neutral compression, providing a test bed to study detachment
physics.

In this work, the SOLPS-ITER code package [21] has been used to perform two parameter scans to transition
from attached (high-recycling) to strongly detached conditions in MAST-U in the Super-X geometry [22], with a
focus on the role of parallel B field gradients in detachment control. The first is performed at fixed input power,
with the main ion fuelling rate varied (with no extrinsic impurities) to obtain a scan in the upstream density, nu. The
second detachment scan varies the divertor impurity fraction, fI , by varying the seeding rate of an extrinsic impurity
(nitrogen) at a fixed fuelling rate. Note that for both the seeding and fuelling scans there is a background level of
carbon due to plasma sputtering the first wall surfaces which are made of carbon.

For each set of the steady state detached solutions obtained, movement of various detachment location markers is
tracked as a function of main ion and impurity injections rates. In both cases we observe a drop in the sensitivity of the
detachment location to controls (increasing nu or fI) in a region of high parallel gradients in the total magnetic field,
B. In the DLS model, only a linear variation in the divertor B field is considered, unlike what occurs in MAST-U. To
address this limitation in the current application of the model, the DLS model is generalised to obtain predictions for
arbitrary B-field variation in the divertor, and applied to the MAST-U Super-X geometry. We find that the DLS model,
in agreement with SOLPS results, predicts a significant reduction in sensitivity of the detachment location in parallel
space to controls in a region of high parallel gradients in B. Said another way, the movement along a flux tube for a
fixed increment in N2-seeding or D2-fuelling decreases as the region of high parallel gradients in B is reached. Such
slowing down of the detachment movement, if further substantiated, could provide a route to improved control of the
detachment location. Ideally, further studies also lead to a divertor design where the detachment location is passively-
stable to a wide range of core plasma transients. The research presented herein may help guide improvements in the
DLS model which can then serve as a tool for the future divertor design and optimisation.

The simulation setup and movement of some of the detachment front markers as a function of impurity seeding
rate and main ion fuelling rate (the only input parameters varied in these scans) are both described in more detail in the
following section. The DLS model is briefly described in section 3 and predictions are compared with the movement
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of detachment front markers in SOLPS. Some of the limits/caveats associated with comparing the predictions of
this simplified model with SOLPS simulations are described in section 4. Conclusions and future directions are
summarised in section 5.

2. SOLPS-ITER simulations of the MAST-U Super-X divertor

2.1. Simulation setup
As mentioned above, SOLPS-ITER is utilized in the studies described in this paper. The plasma simulation

domain is shown in figure 1 and it corresponds to a Super-X divertor equilibrium similar to the ones used for previous
MAST-U studies using SOLPS [22, 23]. In the analysis presented in further sections, we focus on the flux tubes that
deliver the peak heat and particle fluxes to the target (in the attached phase), SOL rings 2 and 5 respectively, which
are highlighted.

The plasma boundary conditions chosen in these simulations are identical to the ones presented in [22]. The
total power entering the domain through the core boundary is 2.5MW in each scan. In all cases, the cross-field
heat diffusivity, χ⊥ = 10 m2s−2 and particle diffusivity, D⊥ = 0.2 m2s−2 are used everywhere except in a small
region inside the core where, to emulate H-mode temperature and density pedestals, we have used χ⊥ = 2 m2s−2 and
D⊥ = 0.02 m2s−2. These diffusivities give radial SOL widths of λq = 6mm, λn = 17mm and λTe = 24mm, similar to
values found in MAST H-mode experiments [24, 25, 26].

The default set of neutral reactions is used [27], with the addition of nitrogen ionisation (AMJUEL H.4,10 2.7A0)
in the seeding scan. The code was run with neutral-neutral collisions, impurity neutralisation and drifts turned off (as-
suming zero current). Intrinsic carbon is included as a sputtered impurity in both scans, with 3% chemical sputtering
yield. In the fuelling scan, D2 molecules are injected from the inboard midplane. The fuelling rate is varied from
1 × 1021 − 1.1 × 1022 D2 s−1 and for the impurity seeding scan, a case just before roll-over of the total target current
is chosen from the fuelling scan (fuelling rate = 2 × 1021). Nitrogen atoms are injected into the divertor, close the
entrance as shown in figure 1 (up-down symmetric). Nitrogen seeding rate is varied from 5 × 1019 − 1.1 × 1021 N s−1.
In each scan, steady state solutions are obtained for each fuelling or seeding rate.
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Figure 1: Divertor plasma simulation grid and nitrogen seeding location. Flux tubes are highlighted which correspond to the maximum heat (red)
and particle flux (blue) to the target when fuelling rate = 2 × 1021D2 s−1 are chosen for analysis.

2.2. Movement of detachment location in the poloidal plane
Detachment is typically accompanied by a variety of changes in the divertor, e.g. pressure loss through interactions

with neutrals due to the low (Te ≤ 5eV) temperatures and the movement of impurity and hydrogenic radiation peaks.
In experiments, a target electron temperature of 5eV is normally utilized as a threshold for detachment, after which
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various divertor characteristics change [3, 28]. For example, various radiation profile peaks (hydrogenic, impurity or
total) move towards the X-point. Researchers have tracked the location of the point where the C-III radiation drops
to 1/e or 50% of the maximum towards the target [9, 29, 30], using that location as a rough proxy of the detachment
region’s front edge (detachment location). These quantities can also be tracked in SOLPS-ITER simulations. Unlike
experiments, the 5eV point can also be tracked using the SOLPS output which we track along with the location of the
peak power losses due to hydrogenic radiation (excitation plus ionization, PH) and due to total impurity radiation (due
to carbon in the fuelling scan, PC; and both nitrogen and carbon in the seeding scan, PC+N). In addition, we track the
locations at which these power losses drop to 50% of their maximum value on the target side of the peak. It should be
noted here that in reality the front is a rather nebulus thing and therefore we can’t strictly define it. This is the reason
why we choose to follow several definitions to see if they behave similarly.

We find that in general, movement of the quantities tracked slows down as a function of D2 fuelling or N seeding
rate, as their location approaches a region of high parallel gradient in B which is also near the baffle or divertor
entrance. The evolution of the Te = 5eV contours in the poloidal plane is shown in figures 2(a) and (b) for each
detachment scan. It can be seen that as the 5eV boundary approaches the region of high parallel gradient B (shaded
in grey), the sensitivity of its location to changes in the injection rate drops in both scans. A similar trend is observed
in the movement of hydrogenic and impurity power loss peaks, but not shown. Figures 2(c)-(e) show the evolution of
poloidal profiles of Te, PH and PC+N from SOL ring 5 of the seeding scan. The movement of the PH and PC+N peaks,
as well as the points at which PH and PC+N fall to 50% of maximum on the target side, are shown to also slow down
for increasing seeding rate.

It is interesting to note the relative positions of the various possible detachment markers along the PH and PC+N

profiles in figures 3(c) and (d). The Te = 5eV point typically lies close to 50% of the peak of the PC+N and PH profiles
(side towards the target).
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than 50% of the maximum in the divertor is shaded in grey; (c, d and e): Profiles of Te, PH and PC+N are shown as a function of lpol for the seeding
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(blue).
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Figure 3: The movement of the detachment front in poloidal plane, lpol, for nitrogen seeding scan (a and b) as well as the D2 fuelling scan of the
upstream density (c and d): 6 different ‘markers’ corresponding to the detachment front location are shown.

The general reduction in sensitivity of the various potential detachment location markers to the injection rates is
shown more clearly in figure 3 which displays the lpol location of the various markers introduced above as a function
of seeding and fuelling rate for the two SOL rings. In general, the 5eV marker leaves the target shortly after the
radiation peaks leave the surface (lpol > 0). The 5eV markers are only a short distance downstream in lpol from the
radiation peaks for most injection rates. In both scans, locations of the 50% of PH,max and PC,max/PC+N,max points leave
the target at shortly after the 5eV point in the fuelling scan, but quickly ‘catch up’ and either coincide with the 5eV
point or are very close it through most of the scan.

One of the changes in the divertor that is accompanied by the low temperatures is the significant reduction in
the heat transported by conduction. We find that around detachment temperatures, heat conduction drops to a point
where convection becomes the dominant heat transport mechanism. In addition to the detachment markers discussed
above, we also track the point where heat convection dominates over heat conduction, shown in black in figure 3.
It is interesting to see that this point also typically lies close to the 5eV and 50% points through out both scans.
As mentioned earlier, the front is actually rather nebulous and hard to strictly define. Heat convection is neglected
in the DLS model, so for computational studies which have access to significantly more information on the plasma
parameters compared to experiment, this point where heat convection dominates over conduction could serve as a
physics based hard boundary marking the start of the detached region.

The reader will note that the markers for the radiation peaks can abruptly move to larger lpol for small changes
in seeding or fuelling rates. This can be traced back to the profiles of radiation in figures 3(d) and (e). At low
fuelling/seeding rates there can be two peaks in the profiles of PC+N and PH , one near the target, and the other
upstream at lpol ≈ 0.5− 0.7m. As the seeding is increased, the peak near the target drops and the peak upstream grows
and thus the location of the higher peak changes abruptly from near the target to further towards the x-point. The peak
near the target drops because the temperature there is dropping and both impurity and hydrogenic sources of radiation
drop at detachment temperatures (Te ≤ 5eV). Therefore in this work, for simplicity, we consider the flux tube to be
‘detached’ when the 5eV point leaves the target.

In summary, a reduction in the sensitivity of the plasma profiles to impurity seeding and main ion fuelling rates
is observed as increasing power loss occurs in a region of high parallel greadients in the magnetic field. In the next
section, we study the movement of these points as a function of ‘physics’ control parameters described in the DLS
model - we will first briefly describe the key assumptions and model equations, and then compare predictions of the
DLS model for MAST-U to the simulation results.
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3. Comparison of DLS model and SOLPS-ITER predictions of detachment location

3.1. The modifications of the DLS model to apply to SOLPS data

Our modification of the DLS model for this study is mandated by the need to apply the model to a situation where
the variation of |B| along a field line is not linear; certainly true for the Super-x divertor. We follow the development
of the DLS model: power balance is used to predict the thermal/detachment front location as a function of nu, fI and
Pdiv. The front moves along a mathematically convenient parallel co-ordinate z defined such that z = 0 at the target
and z = L at the outboard midplane. The length z is actually the volume of the flux tube between the target and z
normalised by a reference area ∝ (1/B×, B× is the magnetic field strength at the X-point) and it is related to the actual
parallel distance from the target (l) as:

dz =
B×
B

dl =
B×

Bpol
dlp

(1)

In other words, the element dz is essentially the actual elemental parallel distance dl scaled by the total flux
expansion at that point in the divertor. As a result, the regions close to the target (where the total flux expansion is
high) are elongated in z space. This is illustrated in figures 4(a) and 4(b) which shows a comparison of z and l for SOL
ring 2.
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Figure 4: The parallel coordinate z as a function of the actual parallel distance from the target l is shown in figure (a) for SOL ring 2. For this flux
tube, B field between target and outboard midplane is shown in figure (b) as a function of both l and z.

The thermal front (within which the radiative power loss occurs) is assumed to be thin/small compared to the
distance z×; in the DLS analytic model that assumption simplifies the calculation of the radiative loss as well as
allowing the thermal front (and detachment location) to move a significant amount from z = 0 to z = z×.

The key difference between the DLS model and its application in this study is the treatment of the divertor magnetic
field profile; only linear changes in the field between the X-point and target along z are considered in the DLS model
in order to simplify the analytic calculations of both the radiation losses and the effect of detachment movement on
the upstream temperature.

In the following we have generalized the DLS equations (in particular, equation 27 of [17]) to allow for any
divertor magnetic field profile. The detachment front location z f and the control parameters are related as follows:

nu
√

fI

P5/7
div

=
1
U

B(z f )

B3/7
×

×

∫ z×

z f

B2(z)dz +

∫ L

z×

B2(z)(L − z)
L − z×

dz
−2/7

(2)
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where U is assumed to be a constant related to the Lengyel integral [31]:

U = 72/7(2κ0)3/14

√∫ Th

Tc

T 1/2Q(T )dT (3)

where Q(T ) is the radiative loss parameter [4] and κ0 is the electron heat conductivity coefficient.
The simplifications made in the analytic DLS model make it difficult to properly compare model predictions

to SOLPS results. The power entering the divertor is assumed to be dissipated through radiation due to a single
impurity species of constant concentration ( fI = nz/ne) in the flux tube. In SOLPS simulations, there are multiple
radiating species (multiple impurities as well as hydrogen), and their concentrations are not constant along z. There are
power loss mechanisms beyond radiation as well. To compare DLS model predictions with the MAST-U simulations
presented here, we have utilized an ‘effective power loss species concentration’, fe f f , which is defined (see section
3.2) to account for power losses from multiple impurity species and also the main ion species; fe f f is used in place of
the impurity concentration fI . While the gas injection rates are the only parameters varied in the simulations, all three
control parameters of the model are affected. Because of this we use a ‘lumped’ physics control parameter, Cl, which
will include simultaneous change in nu, fe f f and Pdiv as the gas injection rate changes:

Cl(z f ) ≡
nu

√
fe f f

P5/7
div

(4)

In our comparison of the DLS model to the SOLPS predictions of detachment location movement, we are inter-
ested in comparing the DLS predictions of the relative changes in the control parameters. This is consistent with
studies of other models using the Lengyel formulation [32] where the prediction of the divertor detachment thresh-
old in fI was over-predicted by factors ≥ 4. However, the relative tradeoff between control variables in achieving
detachment appeared to be accurate.

Further, the examples of applications of the DLS model in the corresponding paper were of the ‘window of detach-
ment’ in a single control variable; namely the range of a particular control variable that would move the detachment
front to the X-point from the target. In the present case the detachment moves from the target to a variable point
z f < z× and is affected by multiple control variables. We therefore define a normalised lumped control parameter,
Cl,norm, and take Cl(z f = 0) to be the value of Cl at the injection rate at which the 5eV point is on the verge of detaching
from the target:

Cl,norm(z f ) ≡
Cl(z f > 0)
Cl(z f = 0)

=

B f ×

[∫ z×
z f

B2(z)dz +
∫ L

z×
B2(z)(L−z)

L−z×
dz

]−2/7

Bt ×

[∫ z×
zt

B2(z)dz +
∫ L

z×
B2(z)(L−z)

L−z×
dz

]−2/7 (5)

Changes in Cl and its components as a function of fuelling/seeding rate, relative to their value when the 5eV point
detaches, are shown in figure 5. In the seeding scan, changes in Cl are mainly driven by fe f f and there is little change
in all other quantities. In the fuelling scan, while changes in Cl are driven primarily by nu, changes in fe f f is also
significant. The assumed ‘constant’ U is also shown, and indeed there is little change in this quantity in both scans.
Exactly how fe f f and U are defined and calculated from the SOLPS output is described in further detail in section 3.2;
followed by a comparison of the modified DLS model predictions for MAST-U to the simulation results.
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Figure 5: Variation in the lumped control parameter, Cl and its components (all normalised to their value when Te = 5eV leaves the target) shown
as a function of seeding and fuelling rates.

3.2. Extracting SOLPS equivalents of DLS model variables
As mentioned earlier, given that all impurity and hydrogen density fractions vary over the flux tube and the DLS

model requires a constant fraction, we developed fe f f , a constant along a flux tube. fe f f is defined to account for
power losses from multiple species (impurity and hydrogenic), each with concentrations varying along the SOL. This
is defined using the same framework that the DLS analytical model uses to relate impurity levels and the corresponding
power loss. Both the thermal front and DLS models use the function Q(T ) that approximates the nitrogen radiation
loss parameter to characterize the corresponding radiation power density, PN , as a function of temperature over the
range 1 < Te < 80 (and is set to zero outside this range). The constant nitrogen concentration ( fN) that is assumed is
defined as:

fN =

∑Z+
i=0 nN i

ne
= nN/ne (6)

The resulting power density is then

nenN Q(T ) = n2
e fN Q(T ) = PN [Wm−3] (7)

To compare SOLPS results to the generalised analytical model, the radiative loss parameter for nitrogen is calculated
directly from the SOLPS output:

QN =
PN

nenN
,

Z+∑
i=0

PN i

nenN i
=

Z+∑
i=0

QN i (8)

Note that QN is not the sum of the cooling curves associated with each charge state, but more like an effective cooling
curve for all the individual charge states of that species.

Now if the impurity fraction fN were constant in the SOL, then equation 8 can be integrated over the fluxtube to
give:

fN =

∫
f luxtube PNdv∫

f luxtube n2
e QNdv

(9)

To account for the fact that fN varies along the SOL in SOLPS, an ‘effective’ constant nitrogen fraction required to
dissipate the power that is radiated in that flux tube can be defined as follows:

fe f f ,N =

∫
f luxtube PNdv∫

f luxtube n2
e QNdv

=

∫
f luxtube PNdv∫

f luxtube ne
PN
nN

dv
(10)
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Having defined a logic that works for nitrogen, we turn our attention to allowing for additional species, e.g. carbon
and/or deuterium. We determine an ‘effective’ constant radiating species fraction, fe f f in a similar fashion to that
shown for nitrogen:

fe f f =

∫
f luxtube [PH + PC + PN] dv∫

f luxtube n2
e QHCNdv

(11)

where
QHCN =

PC + PN + PH

ne(nC + nN + nH)
(12)

In fact, Q(T) defined as in equation 12 is used to calculate the constant U in the DLS model (equation 3). Quantities on
the RHS of equation 12 are obtained directly from the code and the integral in equation 3 is from the target to outboard
midplane. With these definitions, in the case where fN , fC and fH are constant, that we recover fe f f = fN + fC + fH .

Another DLS model parameter, κ0, must also be abstracted from the SOLPS output. κ0 is related to a scaled form
of parallel heat flux q = q||B×/B (where q|| is the parallel heat flux density) as follows:

κ0 =
qB2

T 5/2B2
×

dT
dz

(13)

Note that in our calculation of κ0 from SOLPS output for use with the DLS model, equation 13 is applied only to
the part of the flux tube where the total parallel conducted heat is ten times larger than the total parallel convected
heat. Then, the average of the resulting range of κ0 values calculated is taken to be the value of κ0 in equation when
calculating U (eq. 3).

Therefore, to account for losses from both the main ion species and multiple impurity species, the comparison
is carried out by setting fI in equation 5 to fe f f . Including both C and N as well as the D ionization and excitation
costs into an effective radiating species fraction does not generally raise the power loss accounted for substantially but
does improve agreement with the DLS model predictions. In future high power devices where the power crossing the
SOL strongly increase and the SOL parallel heat flux width remains similar, impurity radiation will likely dissipate
an overwhelmingly large fraction of the power entering the divertor.

3.3. Comparison of front movement predictions

The ‘model prediction’ of Cl,norm vs z is obtained by taking the range in SOLPS of Cl,norm and evaluating the RHS
of equation 5 to derive the predicted value of z. This is displayed by the black curve in figure 6.

Also plotted in figure 6 are the z and Cl,norm pairs derived from SOLPS at each modelling injection rate (LHS of
equation 5), thus providing the various detachment position markers as a function of Cl,norm.

Our application of the DLS model (‘model prediction’) predicts that the detachment location should move quickly
to the edge of the high dB/dz region (shaded in grey) and then strongly slow down as a function of increasing Cl,norm.
SOLPS results with the various markers also point to a slowing down in z increase at the same edge of the high dB/dz
region but the movement from the target is not as ‘fast’ as predicted for any marker. The peak in hydrogenic losses
(and also impurity losses, not shown) moves quickly to the high dB/dz region and slows considerably in each case;
the PH,max marker is most like the DLS model prediction for the detachment location. Differences between flux tubes
is substantial - detachment location movement is slower (in z) for ring 5, but there is qualitative agreement overall.
Differences between SOLPS-ITER simulations and the analytic model will be further explored in the next section.
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Figure 6: Detachment front location z f as a function of Cl,norm as predicted by the DLS model is shown (black) along with all the position markers
that were tracked in lpol in figure 3 for all cases (except PC,max and PC+N,max as they are very similar to PH,max in both scans). The region in which
dB/dz > 50% of max dB/dz in that flux tube is shaded in grey.

4. Discussion

In section 3 we have described the qualitative agreement between or application of the DLS model and SOLPS
simulations. In the following we will discuss reasons for lack of quantitative agreement, which includes a number of
potential reasons.

4.1. Differences between energy loss mechanisms included in the thermal front model and SOLPS

It is clear from section 3 that the DLS model, for simplicity and ease of obtaining an analytic solution, ignores
power loss mechanisms other than radiation from a single impurity that has a fixed concentration along the flux tube.
In SOLPS, multiple processes that remove power from a flux tube are present. The total power dissipated between
X-point and target, Ploss, is given by equation:

Ploss = PC,tot + PN,tot + PH,tot + Prad. trans. + Pother (14)

The variations of each of the terms in equation 14 are shown as a function of injection rate in figure 7 for both the N2-
seeding and D2-fuelling scans. As expected for the fuelling scan, the hydrogenic power losses (deuterium excitation
and ionisation, PH,tot) are significant and higher than losses to carbon impurity radiation (PC,tot) which only accounts
for 10-15% of the losses in both flux tubes.

In the seeding scan, while total radiation due to carbon and nitrogen impurities (PC,tot + PN,tot) is the dominant
power sink for most seeding rates, hydrogenic losses dominate over impurity radiation at low seeding rates. At high
seeding rates, impurity radiation losses account for up to 75% of the losses in SOL ring 5 but not significantly more
than half of the overall energy losses from that flux tube in the divertor at lower seeding rates.

Radiative and hydrogenic power losses together do not account for much more than half of the flux tube losses
for ring 2 in both detachment scans. Power losses due to radial transport (Prad. trans.) make a significant contribution,
particularly for flux surfaces near the separatrix, ring 2. All other power losses (Pother), e.g. due to viscous and
compressional effects, only make a small contribution to Pnet.
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Figure 7: Description of power balance contributors as a function of (a)-(b) nitrogen seeding scan; and (c)-(d) D2 fuelling scan. The total power
source entering the flux tubes at the ‘X-point’ position, Pdiv; total power dissipated between X-point and target, Ploss; and the components of Ploss
(RHS of equation 14). The injection rate at which the 5eV point leaves the target is marked with a vertical dashed line.

4.2. Relationship between dB/dz and movement in lpol

Because of the nature of the DLS model our primary focus up till now is on the movement of the detachment
location in z. However, as a practical matter, the operator of a tokamak is interested in the detachment location in
lpol, in the poloidal cross-section of the divertor. In figure 8, model predictions shown in figure 6 are mapped from
z to lpol using equation 1 and again compared to the movement of the detachment front markers in lpol as a function
of Cl,norm. While the region of high dB/dz occupies only 20%-25% of the space between X-point and target in z, it
occupies almost 50% of this space in lpol for the Super-X geometry. As a result, the significant reduction in sensitivity
predicted by the model in z space, translates to a milder predicted reduction in sensitivity in lpol space. We note that in
the seeding scan, we do observe a reduction in sensitivity of the Piz/rad,max location to changes in Cl,norm for both types
of scans; that indicates that the thermal front movement, which is ahead of the detachment front, has slowed down as
a function of increasing Cl,norm. However this is not the case for the other markers during the seeding scan. In contrast
to the seeding scan, a reduction in sensitivity to controls to increases in Cl,norm is observed for all tracked points in the
fuelling scan.

The lack of slowing down of the movement of the Te = 5eV location in the high dB/dz region for the seeding scan
is somewhat surprising. Our initial observation of the movement of the Te = 5eV at or before the high dB/dz region
as a function of the seeding rate (figure 2) was that there was a clear slowing down. The difference to the current
figure 6 lies in the difference between seeding rate changes and changes in Cl,norm. fe f f changes very little for the
same changes in seeding rate at high seeding as compared to that at low seeding.
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Figure 8: Detachment front location in lpol as a function of Cl,norm as predicted by the DLS model and SOLPS. The region where dB/dz > 50% of
the maximum dB/dz is shaded in grey.

4.3. Methods of determining detachment location

Figures 6 and 8 compare various measures of detachment location obtained from the from analysis of the SOLPS-
ITER profiles and the DLS model to describe the detachment position between the target and the X-point. SOLPS-
ITER is the ideal vehicle for this comparison to ascertain their usefulness, as the quantitative assessment of the various
detachment location markers is straightforward compared to experiment.

We find that it is surprisingly difficult to develop a consistent measure of detachment location across a number of
choices. Amongst the markers investigated, the Te = 5eV point seems to have an advantage with SOLPS output due
to: a) Physics - the fact that momentum loss dues to charge-exchange collisions becomes dominant over ionization at
Te ≤ 5eV; and b) It is also simple to determine from the SOLPS solution.

Two of the markers we compared to the DLS model tended to be closer to the X-point than the Te = 5eV point.
Those include the peaks in all the measures of radiation from carbon, nitrogen and nitrogen (figure 6).

For completeness we have also tracked, but not plotted, where the impurity/hydrogenic radiation drops to 50%
of maximum Prad,max on the hot/upstream end of the front which, for PC+N , corresponds to the leading edge of the
thermal front or temperature gradient region. The target, or low-temperature end of the thermal front corresponds to
the target itself before detachment and then as the detached region moves off from the target, it is coincident with the
forward edge of the detached region. The leading edge of the thermal front is already quite close to the X-point at
detachment onset and does not move much throughout both scans due to the rather ‘broad’ impurity radiation profiles
observed during the early stages. Thus, both as observed (figure 6) and expected from the thermal front and DLS
models, the thermal front becomes shorter poloidally as the detached region grows.

Further, we find that the distance between the various detachment location markers tracked in the code (figure 6)
indicates that the thermal front width/thickness can be comparable to the divertor at the start of detachment, consistent
with the thermal front covering a significant fraction of the divertor temperature gradient region. As the front moves
off the target, following detachment ‘onset’, the front starts off thick as it quickly moves away from the target, and
gets thinner as it slows down. This is also indicated in the 1D profiles of impurity radiation (figure 2). This kind
of variability makes it difficult to properly define the detachment front location. Such a deviation from the model is
likely due to the relatively low power entering the scrape-off layer - a similar set of scans at a higher power may reduce
this variability. However, given that impurities expected to be used to dissipate power in reactor relevant scenarios
(e.g. Ne, Ar, Kr) radiate over a significantly wider temperature range, the front width is likely to increase for these
impurities.
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4.4. Potential role of baffle

It is possible that the agreement between SOLPS and the location sensitivity model is a coincidence and that
there is some other physics slowing the movement of the detachment front towards the X-point or even adding to the
dB/dz effect. One possibility is that the baffle plays a role in slowing down the detachment front. In a tightly baffled
divertor, the plasma helps to confine the neutrals by plugging the entrance to the divertor. The detachment front then
sits slightly inside the entrance to the divertor, in a region of high neutral gas pressure. If the detachment front moved
outside the divertor entrance, then the detachment front is in the main chamber, rather than the divertor. The narrow
entrance to the divertor is no longer plugged by the plasma, and the neutral gas pressure behind the front drops. To
maintain pressure balance, this could cause the front to go back into the divertor, providing a feedback mechanism
which would help prevent the detachment front from leaving the closed divertor.

5. Conclusions and future work

Detachment evolution in the MAST-U Super-X geometry has been studied using the SOLPS-ITER, with a focus
on the sensitivity of the detachment front location to control parameters. Two sets of steady state solutions were
obtained by varying the D2 and N injections rates at fixed input power (2.5MW), ranging from attached conditions
at low injection rates and strongly detached conditions at the highest injection rates (detachment front approximately
halfway between X-point and target). Movement of the detachment location is tracked in simulations as a function of
physics control parameters and results are compared to predictions of an analytical model.

Both the analytical model (which makes several simplifying assumptions) and SOLPS predict a reduction in the
sensitivity of the detachment front location to controls in a region of high dB/dz, which is also close to the baffle.
Such a drop in sensitivity, if primarily due to dB/dz, would mean significantly improved detachment control and the
potential to passively stabilise the detachment location in the region of high dB/dz for a wide range of core plasma
transients. Note that while only dB/dz is important when it comes to controlling the front location, a high B×/Bt is
still desirable/required to lower the detachment threshold, i.e. to improve detachment access.

The simplifying assumptions also introduce difficulties when it comes to properly comparing predictions with
simulation results and likely lead to quantitative disagreement. An ad hoc method is used to account for losses from
both main ion species and multiple impurity species of varying SOL density fraction, by adopting the same formalism
used by the model to evaluate impurity losses - all impurity and hydrogenic losses are lumped together and associated
with an ‘effective radiating species fraction’. The detachment front width/thickness is not necessarily small compared
to the divertor and can change as the front moves upstream, becomes thinner in the region of high dB/dz. It is likely
that these two assumptions are not satisfied due to the relatively low input power and therefore upstream temperature
- detachment fronts in future high power devices may satisfy these assumptions, however this also depends on the
impurity used to dissipate power. Further studies at higher power and with different impurities like neon or argon are
required to assess the validity of these key DLS model assumptions.

It is found that the significant reduction in sensitivity in z space translates to a relatively mild reduction in sensitiv-
ity in poloidal space for the divertor geometry considered. It is therefore of interest to repeat this study in a geometry
with relatively high dB/dl,pol in divertor.

It is possible that other mechanisms involving the baffle may contribute to the observed reduction in the sensitivity.
The potential impact of the baffle on the existing solutions can be studied by modifying the divertor wall geometry
or placing virtual surfaces and allowing the solutions to evolve to a new steady state. SOLPS studies in simplified
geometries could also help disentangle the potential impact of the baffle from that of dB/dz.
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