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ARTICLE INFO ABSTRACT

Keywords: Global power balance calculations in steady state H mode plasmas varying the distance between separatrices
Power balance (dr,,,) and the divertor configuration have been performed in MAST Upgrade. As dr,,, becomes more negative,
Power exhaust more of the power crossing the separatrix goes to the lower divertor. The inner divertor receives a higher
Tokamak

fraction of the power exhaust in a Super-X divertor plasma compared to a conventional divertor plasma at
similar negative dr,,,, which is a concern for high power devices employing alternative divertor configurations
for power exhaust handling. Global power accounting suggests > 30 % of the input power is unaccounted for
with the power loss channels quantified in this work. Charge exchange and orbit losses from the NBI could
account for a large fraction of unaccounted power but it is not possible to precisely determine this without
further diagnostic calibration.

Alternative divertors

1. Introduction typically operates in a connected double null configuration with either
a conventional — short leg, low total flux expansion — divertor (CD)

Understanding power balance is important for the characterization or a Super-X — long leg, high total flux expansion — divertor (SXD)
and interpretation of divertor performance and detachment behaviour. configuration on the low field side (LFS) and a conventional high field
The design and engineering of plasma-facing components (PFCs) and side (HFS) divertor. All plasma-facing surfaces are graphite. Auxiliary
the choice of plasma operating scenario are strongly influenced by the heating is provided by 2 co-current tangential neutral beam injectors

distribution of power exhaust among all available power sinks.

Previous work has examined the impact on power sharing of double
null vs. single null in conventional [1] and spherical [2,3] tokamak
plasmas, as well as in advanced divertors [4], but the combined impact
of advanced divertors, low aspect ratio and double null vs. single null
in reactor-relevant H mode has not previously been quantified.

In this work we present new measurements of the power balance in
H mode plasmas in MAST Upgrade, for both double null and single null
plasma configurations with conventional and Super-X divertors. Sec-
tion 2 describes the experiment setup, the power channels considered
and the diagnostics and interpretive codes used to quantify each power

(NBI), one injecting at the midplane and one injecting 0.65 m above the
midplane. The machine is nominally up/down symmetric.

In this work we have considered the global power balance in CD
and SXD H mode plasmas with I, = 0.75MA, B, = 0.55T on axis,
n, = 3.5x10”m™ to 6.5 x 101 m™3 and auxiliary heating Pyp, <
3.5MW. We focus on H mode plasmas with the maximum available
heating power because of their greater reactor relevance, increased
signal levels on the relevant power exhaust diagnostics and a reduction
in the scrape off layer (SOL) heat flux width Age The outboard Ag was
approximately 7 mm, measured using thermography [6]. Due to the

channel. Section 3 examines the impact of the divertor configuration on up/down symmetry of the PF coils, we varied the distance between
the relative magnitude of each power loss channel. Section 4 assesses separatrices at the outboard midplane, dr,,, by adjusting the vertical
the total power accounting. position of the plasma. We studied both connected double null (DN)
plasmas with magnetic axis vertical position Z,,,, ~ 0, giving dr,, =

2. Experiment description 0(2) mm, and also downshifted plasmas with Z,,, ~ —10cm and dr,,, =
—10(2) mm, which we will term lower single null (LSN). 3 of the 4

MAST Upgrade is a medium sized spherical tokamak built in part  plasmas studied were ELM-free in the time windows analysed, and

to study power exhaust solutions for future high power devices [5]. It
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Fig. 1. Diagnostics used for power balance measurements. Grey lines show foil bolome-
ter lines of sight, with the foil bolometers used for up/down radiation asymmetry
estimates in blue. The cyan region is the field of view of the IRVB. Orange dots show
target Langmuir probe positions and the green line is the poloidal projection of the
analysis path used for IR thermography. Separatrices from representative DN CD (red)
and SXD (blue) equilibria are also shown; the primary separatrices of the LSN CD and
SXD cases (not shown) are similar to their respective DN cases. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

whilst the DN CD plasma did have some ELMs these were generally not
resolvable by the diagnostics used in the study. Our results therefore
should be considered applicable to the inter-ELM phase in H mode.

2.1. Contributors to power balance

There are many contributors to the overall power balance. We
present here what we consider to be the most significant contributors
and which we are able to estimate with the available diagnostic set,
illustrated in Fig. 1.

Power balance is satisfied when:

PNBI+POhm_dVVp/dI_Pr =Prad,s+Ptgt (l)

ad ¢

On the left hand side of Eq. (1) are the terms which describe the power
crossing the separatrix, P,,,. On the right are the terms which describe
where and how P, is dissipated in the SOL and divertors: the total of
these terms we will refer to as P,;,. We will discuss potential missing
terms in this equation later in Section 4.

Py s is the amount of NBI heating power coupled to the plasma,
taken to be the injected power minus the shine-through as calculated

using the TRANSP code [7] — we neglect charge exchange (CX) and
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orbit losses and neutral interactions between the injection location
and the plasma here. Py, is the Ohmic heating power and dW,/dz is
the rate of change of plasma stored energy: both are calculated using
EFIT [8].

P,,; . is the radiated power in the core plasma, estimated by a
weighted sum of line-integral brightnesses from foil bolometers [9].
Py = Py + Py is the radiation in the SOL region. P, ;, the
radiation in the lower divertors, is estimated by integrating the emis-
sion from the inner leg, X point and outer leg regions using poloidal
emissivity profiles from tomographic reconstructions of infra-red video
bolometer (IRVB) measurements [10].

The upper divertor radiation P,,; is estimated from the lower
divertor radiation measured with the IRVB and a radiation asymme-
try factor calculated from measurements of selected foil bolometer
channels near the X point and in the divertors which had acceptable
SNR. Taking the average brightness measurements B of these channels
as U = (B,,,,) and L = (B, ) to obtain the up/down radiation
asymmetry, we compute the upper divertor radiation as P,y =
Prad,s,L X U/L'

P, is the power carried to the divertor target plates, defined as the
integral of the perpendicular heat flux ¢, assuming toroidal symmetry:

P,g,:/ 27 Rq, (s)ds 2
tgt

Here R is the major radius, s is a vector parallel to the divertor
surface in the poloidal direction (with magnitude s) and the integral
is performed over the subset of the targets which are receiving power
from the divertor legs.

g, (s) may be determined either from fitted current vs. voltage (IV)
curves measured by divertor Langmuir probes [11] (LPs), which have
extensive coverage of the outer divertors, or from thermography using
a suite of infra red (IR) cameras which cover all 4 divertors [12]. This
calculation required particular care due to a number of confounding
factors in the raw data: a detailed description of these factors and how
we dealt with them is presented in Section 2.2.

2.2. Estimating the power on the divertor targets

There are several sources of error to be aware of when estimating
the total power to the divertor targets using LPs and IR thermography.
First, the routine LP analysis performed on MAST-U typically over-
estimates the electron temperature 7, for low T, («10eV) which in turn
results in ¢, being overestimated: this is typical for LPs [11]. To avoid
this the use of LPs for heat flux analysis should therefore be restricted
to attached divertor conditions: generally this means high power low
density plasmas and only the lower divertors in LSN cases.

Second, in this work we have assumed toroidal symmetry in both
the LP and IR analysis when calculating the total power from the
poloidal heat flux profile. However, we know of several potential
sources of toroidally-asymmetric heat fluxes, including partial wetting
of the divertor tiles (both intentionally to avoid leading edges and
unintentionally due to installation tolerances) and toroidal field ripple
(due to discrete TF coils, an intrinsic n = 2 error field and an n = 24
error field local to the HFS strike point). We mitigated the impact of
toroidal asymmetries by placing the strike points away from regions
of strong toroidal asymmetry: this was mostly successful except at
the inner divertor in the LSN SXD configuration where we instead
calculated the heat flux along 10 poloidal paths with different toroidal
angles and averaged them to produce a toroidally-averaged poloidal
heat flux profile.

Fig. 2 illustrates two additional potential sources of error from IR
thermography. A surface layer (possibly redeposited sputtered graphite)
around R = 1.35m with very different thermal properties to the bulk
divertor tile leads to an over-estimate of the heat flux in steady state but
is easily detectable due to its apparent negative heat flux immediately
after transients. This region is excluded from the integral in Eq. (2),
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Fig. 2. Calculated target heat flux at the LFS strike point in a SXD plasma, with the
EFIT-estimated strike point position (dashed line). After the transient event at 0.55s
and the end of the flat top at 0.7s the heat flux around R = 1.35m appears to become
negative.

though we must ensure the strike point is far enough outside this region
to avoid missing significant power. A broad apparent background heat
flux over the entire field of view of the IR camera, due to both intrinsic
plasma IR emission [12] and tile reflectivity can lead to an over-
estimation of the total power. We avoid this by further restricting the
integral in Eq. (2) to a narrow region around the strike point just wide
enough to encompass the SOL heat flux: a range of between +10cm
and +20cm (chosen by hand for each divertor in each pulse) from the
EFIT-computed strike point position was sufficient.

2.3. Data validation

Power balance studies require accurate and precise diagnostic mea-
surements, with well-quantified uncertainties. In practice this is an
extremely difficult task to perform for each diagnostic individually.
We instead employ multiple diagnostics providing independent mea-
surements of some of the quantities in Eq. (1) to perform diagnostic
cross-comparisons for a basic uncertainty quantification.

Fig. 1 shows that the foil bolometers and IRVB have an overlapping
view of the lower half of the plasma core. When the assumption
of up/down radiation symmetry holds, the total core radiated power
calculated with the foil bolometers should be double the total radiated
power calculated by integrating the part of the emissivity profile recon-
structed from IRVB measurements within the last closed flux surface.
Fig. 3 (top) shows such a comparison for the DN CD shot used in this
study. During the I, flat top phase the two diagnostics agree to within
20%, with a maximal discrepancy of approximately 200 kW.

Given the confounding factors presented in Section 2.2 it is impor-
tant to verify that the total power calculated from IR thermography
is a reliable estimate, particularly as it is the only method available
for the HFS divertors. Fig. 3 (bottom) shows the total power to the
lower outer divertor leg calculated from IR and LP analysis for a DN
CD shot with attached divertors. As with the radiated power, there
is good agreement between the two independent measurements with
<10% variation, suggesting a high level of accuracy and precision in
the target power calculation in this scenario.

3. Distribution of power exhaust

Fig. 4 shows the relative distribution of P,;,, with P,,, resolved into
all 4 divertors and P,,, , resolved into upper and lower SOL regions, for
the 4 different plasma configurations studied in this work. Each plot
shows the distribution averaged over a time window in which both the
plasma conditions and power exhaust were approximately stationary,
though some ELM averaging has been done in the DN CD case as
the ~50Hz ELM frequency was too high to obtain a single inter-ELM
window of sufficient length. We also calculated the power measured by
Langmuir probes on the passive stability plate armour — the diagonal
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Fig. 3. Top: comparison of the total core radiated power calculated from foil bolome-
ters and from the IRVB assuming up down symmetry. The two measurements agree to
within 20 % during the 7, flat top phase between 100 ms and 950 ms. Bottom: comparison
of total power carried to the lower outer divertor calculated using IR thermography
and LP analysis, showing good agreement for the inter-ELM total power.

features outboard of the X points in Fig. 1 — but this was < 1% of the
total P, and so can be neglected.

The DN cases have well balanced divertor target heat loads in both
divertor configurations, though there is a pronounced SOL radiation
asymmetry in favour of the upper divertor. 15% to 20% of the target
heat load goes to the inner divertor in both cases. The SOL radiated
fraction is also similar in both cases despite the greater expected
dissipation capability of the SXD: this could perhaps be explained by
the ~25% higher upstream density in the CD plasma but a detailed
discussion of the cause is beyond the scope of this manuscript.

It is immediately apparent that moving from DN to LSN causes
a redistribution of the power from the upper divertors to the lower
divertors; this is true in both CD and SXD cases. Both the power carried
by the plasma to the targets and the up/down radiation asymmetry
become more strongly biased towards the lower divertors. However,
there is still an appreciable fraction of the power going to the upper
divertors: an indication that these plasmas are not fully single null. This
is consistent with previous work [1-4] where values of |dr,,,/4,| signif-
icantly larger than the ~1 we were able to achieve here were required
to effectively suppress power loading to the secondary divertors.

The final important feature to note is that the LSN SXD has a
significantly larger power fraction going to the lower inner target than
all the other configurations, even the LSN CD case (both scenarios had
similar inner gaps of 2.5cm to 3cm in the time window analysed). In
fact the power load on the inner target is only about 30% less than
that on the outer target. The increase in the relative inner target power
loading is in qualitative agreement with what was predicted in previous
work [4,13], based on a model of the poloidal heat flux 4, derived from
the 2-point model in the conduction limited regime and considering
the inverse-major-radius-weighted connection lengths £ of inner and
outer divertor flux tubes [13]:

q;’,‘u/qzig = £||,0u!/£||,in (3)

This model predicts the power asymmetry P,,,,,./P,..,» Where P =
S q,,dr across the SOL, to be 0.21 for the CD LSN, in good agreement
with the 0.22 measured (Fig. 4). However, in the SXD LSN case the
model predicts P,,,./P,,., = 0.33, whereas we measure 0.70. This
discrepancy can be at least partially explained by the enhanced SOL
dissipation in the SXD case, shown by the increased SOL radiation,
which is not accounted for in the model.



J. Lovell et al.

CD SXD

49404 (0.5s - 0 9s) 49196 (0.72 s - 0 895s)

Pgy =16 M Pgiy = 1.

21%

' -

49213 (0.35-0.655)
Pgiy = 1.0 MW

L a

12%

49220 (0.355-0.55)
Pgiy = 1.0 MW

17%

mmmm | ower SOL radiation
Upper SOL radiation

mmmm nner lower target
Inner upper target

mmmm Quter lower target
Outer upper target

Fig. 4. Distribution of P, among the loss channels considered: power conducted to
each of the 4 divertor targets and the power radiated in the upper and lower SOL. CD
plasmas are on the left, SXD on the right. DN plasmas are on the top row, LSN on the
bottom.

This increase in the relative power loading of the inner divertor
gives cause for concern, as the inner target has a much lower wetted
area than the outer target (especially in a long-legged SXD divertor)
so the peak heat flux will be significantly larger. It appears operating
close to double null is key for divertor configurations designed to ease
power handling at the outer divertor to avoid making power handling
at the inner divertor harder: further studies to determine the generality
of this result and the physical mechanisms responsible are required to
understand its implications for reactors.

4. Total power accounting

Finally, we present the results of total power accounting to investi-
gate whether we can completely account for all of the input power in
the measured loss channels defined in Eq. (1). The analysis has been
performed for all 4 cases presented in Section 3 with essentially the
same outcome for all 4: for brevity we present only the DN CD case
here.

Fig. 5 shows the time-resolved power accounting throughout the DN
CD discharge. After 400 ms the plasma is in an approximately stationary
ELMy H mode with steady shape, stored energy and core density and
temperature. The total heating power is around 3.7 MW, with Pyp; =
33MW and Py, = 0.4MW. Slightly less than 1 MW of this is lost as
core radiation (on average dW,/ds is negligible in this phase), leaving
a little under 3 MW crossing the separatrix. Of this, a total of 1.6 MW
is distributed among the power loss channels we measure. This leaves
just under 1.5 MW of power unaccounted for. Though not shown here,
the other 3 cases studied all had between 1.5MW and 1.8 MW of “miss-
ing” power — the power deficit here appears independent of divertor
configuration and dr,,,. Although we are not properly capturing the
ELM energy due to limited time resolution, the power deficit is the
same in ELM-free phases of the other cases so this does not affect our
conclusions.

It is important to note that a significant power deficit is not unique
to this work. Detailed energy balance studies on JET found approx-
imately 25% of the input power was unaccounted for [14], while
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Fig. 5. Total power accounting for the DN CD case. The lines represent the input power
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cumulative power in each the power loss channels presented in Section 3.
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Fig. 6. Top: neutral beam heating and loss power. Bottom: brightness measurements
from a foil bolometer (channel 29) sensitive to fast neutrals as well as plasma radiation
compared with bolometers viewing a similar region of the plasma but not sensitive to
fast neutrals, along with inter-ELM line-integral passive FIDA measurements at tangency
radius 1.35m. After 400 ms the CX + orbit losses predicted by TRANSP increase in time
unless fast ion anomalous diffusion is neglected, whereas the bolometer signal and FIDA
losses are both constant.

detachment studies on TCV have found that between 1/4 and 2/3 of
the power calculated to be crossing the separatrix was unaccounted
for [4,15]. Energy deficits as low as 5% have been found on ASDEX
Upgrade using whole-pulse cooling water calorimetry [16] but this
method is unable to resolve individual phases of the pulse.

It is natural to ask where this missing power may be going. A
loss channel which we have neglected is fast ion losses, in particular
charge-exchange, orbit and anomalous losses. ASCOT modelling of
early MAST-U discharges found fast particle charge exchange losses of
around 20% of the input power [17] — this could explain ~0.6 MW
of the missing power but precise quantitative predictions using this
method are still pending outstanding diagnostic calibrations. TRANSP
does estimate these losses but interpretive runs constrained to re-
produce the pulse’s measured neutron rate by adjusting the fast ion
anomalous diffusion predict orbit losses which increase linearly in time
in the latter part of the pulse. This is qualitatively inconsistent with
both the steady state divertor power loading shown in Fig. 5 and mea-
surements from foil bolometer channels sensitive to fast neutrals [9]
and passive fast ion D-alpha (FIDA) measurements ~4cm inside the
separatrix, which both suggest no time evolution of the losses as shown
in Fig. 6. Neglecting anomalous diffusion does give a qualitative match
to the bolometry and FIDA and provides a lower bound on fast particle
losses of ~0.9MW but results in an over-estimation of the neutron
rate. This inability to reconcile the neutron rate and the qualitative
bolometry and power exhaust measurements shows that the fast neutral
loss fraction is therefore not yet well constrained.

Toroidally asymmetric losses outside of areas with diagnostic cov-
erage are also possible. Ionizing the fuelling gas sinks power near
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the fuelling location and these pulses have only one fuelling location
active, on the centre column slightly toroidally displaced from the foil
bolometers and out of view of the IRVB. Most of this energy is likely
to be radiated but may not be captured by the bolometers. Similarly,
LP and IR diagnostics only cover subsets of the divertor targets and so
strong toroidal asymmetries in the target power deposition may not be
detectable (there is already evidence for some of these as described in
Section 2.2). While we determined negligible power is being scraped
off on the LFS passive stability plates, it is possible that some power is
being scraped off on the centre column at the HFS due to the small inner
gap to the separatrix, which varies between 2.5 cm in LSN to 4 cm in DN.
There is no LP or routine IR coverage here and even non-routine IR
measurements on the centre column, while possible to arrange, would
struggle to distinguish IR emission due to heated tiles from intrinsic
plasma IR emission. However, the insensitivity of the power deficit to
plasma shape (including inner gap) does suggest that any power losses
on the centre column are small compared with the total power deficit.

Finally, it is possible that some power is lost before it is even
coupled to the plasma, in the NBI beam lines. Future work will estimate
the extent of this contribution by varying the NBI heating power and
observing the impact on the power deficit.

5. Conclusions and future work

We have found that in both DN and LSN H mode plasmas the
majority of the power crossing the separatrix goes to the outer divertor
legs, though we did not completely remove all power to the upper
divertor in the LSN cases studied here. The inner divertor receives a
significantly higher fraction of the power in LSN SXD compared with
LSN CD, which is a concern for future high power devices which aim to
use highly dissipative outer divertors for power handling and may place
increased demands on either the inner target heat loading (or power
dissipation) capability or tighter control of double null geometry. The
extent to which this in/out asymmetry varies with the amount of
dissipation in the outer divertor is an important unanswered question
for which further study is required: solving the outer divertor exhaust
problem may in fact be simply moving the trouble elsewhere.

We have also seen a significant power deficit whereby >30% of
the input power is unaccounted for in the exhaust channels that we
measure, though this may be reduced to ~15% by including an ap-
proximate estimate of fast particle losses. While this is slightly — but
not dramatically — worse than the outcomes of time-resolved power
balance measurements on other machines, it does pose the question of
where this additional power is going. On a higher powered device like
a reactor this amount of missing power could do serious damage if it
were deposited on components not designed for high power loading.
Further studies exploring the correlation of missing power with input
and exhaust power channels are planned to aid in determining the
source of this missing power.
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