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The aim of this work is to provide an understanding of detachment at TCV with emphasis on analysis
of the Balmer line emission. A new Divertor Spectroscopy System has been developed for this purpose.
Further development of Balmer line analysis techniques has allowed detailed information to be extracted
from the three-body recombination contribution to the n = 7 Balmer line intensity.

During density ramps, the plasma at the target detaches as inferred from a drop in ion current to the
target. At the same time the Balmer 6 — 2 and 7 — 2 line emission near the target is dominated by
recombination. As the core density increases further, the density and recombination rate are rising all
along the outer leg to the x-point while remaining highest at the target. Even at the highest core densities
accessed (Greenwald fraction 0.7) the peaks in recombination and density may have moved not more
than a few cm poloidally away from the target which is different to other, higher density tokamaks,
where both the peak in recombination and density continue to move towards the x-point as the core
density is increased.

Keywords:

Detachment

Divertor spectroscopy
Volumetric recombination
Tokamak power exhaust
TCV tokamak

Balmer line spectroscopy

The inferred magnitude of recombination is small compared to the target ion current at the time de-
tachment (particle flux drop) starts at the target. However, recombination may be having more localized
effects (to a flux tube) which we cannot discern at this time. Later, at the highest densities achieved, the
total recombination does reach levels similar to the particle flux.

© 2017 Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction and recombination [2]. To address the need for further power re-
moval before exhaust heat reaches the targets, which is needed for
a DEMO fusion reactor and beyond, an enhanced understanding

of the detachment process would be beneficial, which will enable

For future fusion devices such as ITER, operating at least in a
partially detached state is important for reducing the heat flux in-

cident on the divertor to below engineering limits (10 MW/m?2) [1].
Modelling for ITER demonstrates reduction of the peak heat flux
near the separatrix by factors of up to 100 due to a number of
atomic physics processes including line radiation, charge exchange

* Corresponding author.

1 “Overview of progress in European Medium Sized Tokamaks towards an inte-
grated plasma-edge/wall solution” by H. Meyer et al., to be published in Nuclear
Fusion Special issue: Overview and Summary Reports from the 26th Fusion Energy
Conference (Kyoto, Japan, 17-22 October 2016).

E-mail address: kevin.verhaegh@epfl.ch (K. Verhaegh).
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better models for predicting ITER and DEMO performance and po-
tentially provides insight in enhancing both detachment power and
particle loss as well as control of detachment.

There has been considerable work utilizing spectroscopic mea-
surements for understanding detachment, where the characteris-
tics of the recombining region are extracted from the Balmer series
emission [3-7]. Typically a high density recombination front forms
at the target and moves rapidly towards the x-point as the core
plasma density is increased.

The aim of this study is to develop a detailed understand-
ing of the detachment process at TCV (medium-sized tokamak

2352-1791/© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Fig. 1. A) Example Balmer line spectra # 52065, averaged over 100 ms, measured
by along the DSS chord closest to the target at two different core densities. B) Pri-
mary diagnostic viewing chords used in this work.

(R=0.89 m, a=0.25 m, B; =1.4 T)) where low densities should
give us insight into how the role of recombination changes as a
function of plasma density in the divertor. In addition, this pro-
vides an understanding of how detachment on TCV relates to the
general experience of detachment. This is required to interpret re-
cent experiments on TCV, which have been performed to investi-
gate how magnetic divertor geometry influences detachment [8,9].

For this investigation a new spectroscopic diagnostic has been
developed for the TCV divertor and improvements for extract-
ing information on recombination and electron temperature from
Balmer series spectra have been made. Using spectroscopic mea-
surements we show that the observed high density recombination
front at TCV during a density ramp likely stays near the target even
after the target ion current drops.

2. Experimental setup
2.1. TCV’s Divertor Spectroscopy System (DSS)

The primary measurements of the recombination characteris-
tics are made using a new spectrometer with views of the diver-
tor, which we refer to as the DSS. The viewing optics provide a
poloidal, line-integrated, view of the divertor, yielding 32 lines of
sight (Fig. 1B). The fibres of each system are coupled to a Princeton
Instruments Isoplane SCT 320 spectrometer coupled to an Andor
iXon Ultra 888 EMCCD camera with a 1024 x 1024 pixel sensor. A
1800 I/mm grating was used with a measured FWHM resolution
of 0.06 nm to allow n, measurements through Stark broadening of
the n = 7 Balmer series line. The system has been absolutely cali-
brated in intensity (~ 15% inaccuracy) and wavelength (< 0.1 nm).
A short-pass filter and a stray light correction algorithm has been
applied to minimize stray light contributions during intensity cali-
bration measurements.

A dark frame is acquired before and after the plasma discharge,
which is subtracted from the measurements. Due to the relatively
long frame transfer time (1.2 ms) with respect to the acquisition
time (5 - 10 ms), the measurements are susceptible to read-out
smear of the CCD [10]. At least 90% of the smearing is removed by
post-processing using a numerical matrix-based algorithm.

For the results analysed in this work, the measured spectra
have been re-sampled by averaging frames and/or multiple chordal
signals over the entire discharge, improving S/N ratio by up to a
factor 40 which leads to improved determination of n. from line
fitting (Section 2.3).

Fig. 1A shows that the observed intensity of medium-n Balmer
lines (n = 6, 7) increases strongly during the density ramp. The ob-
served spectra corresponds to the view line close to the target
highlighted in Fig. 1B (red), where the locations of the primary di-
agnostics used in this work are shown.

Fig. 2. Relation between F7s and F..(n =6,7), in which T, is varied between 0.2
and 1000 eV, assuming a fixed n, = 102 m~3 and n,/n, = [10-3, 1]. The value of T,
at Fec(n=7)=0.3 and E..(n=7) = 0.8 is shown for both values of ny/n, at n, =
10%° m3.

2.2. Extracting information on recombination from Balmer lines using
a collisional-radiative model

The brightness (B, _, » in [photons m~2s~']) of a hydrogen
Balmer line with quantum number n can be modelled using the
Photon Emissivity Coefficients (PEC/°“5*) [photons m 3s 1] ob-
tained from the ADAS collisional-radiative model [11] for recom-
bination and excitation, as indicated in Eq. (1). B, _, 5 consists of
recombination and excitation parts: B[**5*. It is assumed that all
line emission comes from a plasma slab with spatially constant
electron density ne, electron temperature T, neutral density n, and
width AL. Additional assumptions are that hydrogen collisional ra-
diative model results are valid for deuterium and that the contri-
bution of charge exchange and molecular reactions (molecular re-
actions might be significant for detachment in low density plas-
mas [12]) to the emission of a certain Balmer line are negligible.
For simplicity we have assumed all electrons come from hydrogen
(Zesf = 1), which is discussed in Section 2.5.

For further discussion we define Fec as the fraction of total
Balmer line radiation due to recombination (Frec(n) = B ,/By_.2).
We also define F7g as the ratio of brightness of the 7 — 2 and 6 —
2 Balmer lines (Fg = B7_,2/Bs_,»). We define R; [rec/sm?] as the
volumetric recombination rate (R [rec/sm?3]) line integrated along
the line of sight through the plasma for a length AL. Although the
analysis in this section is mainly focused on the n = 6,7 Balmer
lines, the analysis strategy is general and can be applied to other
Balmer lines.

Bn2 = ALn2PECT_,(ne, T,) + ALngnePECEC_, (ne, Tp) (1)
B, B2,

2.2.1. Using Balmer line ratios to obtain the fraction of Balmer line
emission due to recombination

We have developed a method for separating recombination and
excitation contributions to Balmer line emission, which is impor-
tant for determining several characteristics of the local plasma.

For a fixed n. and n,, both Fec(n) and F;5 only depend on Te.
In Fig. 2 the relation between Fr(n) and F;5 is shown, where T,
is varied between 0.2 and 1000 eV for each curve, while ny/ne =
[10-3,1] and ne = [10"°, 10%°] m~3 are fixed. Fig. 2 indicates the
ratio of two Balmer lines (e.g. Fg) changes as function of Fr. and
is thus useful to infer the dominance of recombination in the total
emission of a particular Balmer line.

The relation between Fr.(n) and F;5 depends only weakly on n,
and n,/ne. Divertor pressure measurements with an absolutely cal-
ibrated baratron gauge have been used to estimate n, and indicate
No/ne rises from order 10~3 to order 10~! as T, drops, which is
supported by OSM-Eirene modelling [13] and SOLPS-Eirene mod-
elling [14] of the TCV divertor. Based on the above n,/n. estimates,
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Fig. 3. Modelled relation between the R; and By, for a range of different n. and
AL

we utilize a ny/n. range between 0.01 and 0.25. In this n,/n. range
and the typical TCV divertor density range (between 10'® m—3 and
1029 m—3) Fyc changes by < 0.1. When inferring T, and R; from ei-
ther n = 6, 7 lines (using Fec(n = 6, 7)) the result differs by < 3%.
Line integration effects (Section 2.4) are negligible to the determi-
nation of Frec.

Although ny/ne only weakly influences the relation between
Frec(n) and Fyg, it strongly affects the temperature dependence of
both Fec(n) and Fz5, as shown in Fig. 2. Therefore, to determine
Te from F;g an accurate ny/ne determination is needed, but is not
currently possible. In Section 2.2.2, we develop another method to
derive T.. Note that, even if n,/n, would be accurately known, the
Te obtained would be line averaged and weighted over both the ex-
citation and recombination part of the Balmer line emission profile
along the line of sight. This is in contrast to the T, determination
described in Section 2.2.2, where only the recombination part of
the Balmer line emission is taken into account.

2.2.2. Obtaining Ry, and T;"® from absolute Balmer line intensities

We have developed a method for calculating R;, which has the
advantage over previous work [15] that no direct temperature es-
timate is required in the calculation. The first step is to deter-
mine the number of recombinations per photon as in [15] for a
particular Balmer line, which is (assuming the plasma is optically
thin) the ratio of the ADAS effective recombination rate coefficient
(ACD(ne, Te)), which takes into account both radiative and three
body recombination, and the ADAS PECT*, (ne, Te). By multiplying
the number of recombinations per emitted photon with B’ ,, we
obtain Ry(ne, Te, AL) [rec /m?s].

Once Frc is determined from Fig. 2, we can obtain B¢, =
Fec(n) x B,_,», from which we can derive other important charac-
teristics of the plasma along each chord. With fixed n. and AL,
both R; and B, only depend on T, and a one-to-one relationship
between R; and B[*, is obtained (Fig. 3). In addition, as T, varies
along each curve in Fig. 3 from 0.2 to 1000 eV, T, is also obtained
when determining R;. We refer to this as T,*® as it is line aver-
aged and weighted by the recombination part of the Balmer line
emission profile along the line of sight. Using n. (Stark broadening
- Section 2.3), AL and B'®, both R; and T,"* can be determined.

As shown in Fig. 3, determining R; through this method is only
weakly affected by n. and AL. The measurement inaccuracy of R
is generally ~ 40% when F ~ 1 and is mostly due to the inaccu-
racy in B ,, which is affected by inaccuracies in both the abso-
lute Balmer line intensity and the Balmer line ratio used to obtain
Frec. Line integration effects influence R; by < 5%, except for cases
with a strongly hollow n. and peaked T, profile, where R; can be
underestimated by up to 30% (Section 2.4). A similar approach as
described here could be used to obtain ionisation rates and track
the ionisation region, but with larger uncertainties.

Obtaining T,"® through the method above has the advantage
that less spectral information is needed to obtain T, than for other
methods [3,15]. However, obtaining T,®¢ through this method is

sensitive to inaccuracies in AL and is strongly affected by line-
integration effects. Assuming peaked ne, T, profiles along the line
of sight T/ is in between 50-100% of the peak T, if Free ~ 1
(Section 2.4). T*® should not be used as an absolute T, measure-
ment, but as an indicator for trends in T, which shows the role T,
plays in the increase of R; during a density ramp discharge.

We define AL as the full-width 1/e fall-off length of the n, pro-
file at the target measured by Langmuir probes, which is mapped
along the flux surfaces to determine AL for each point where
the DSS view line intersects with the separatrix at multiple time
points. AL for TCV is generally between 2.5 and 10 cm, depending
on the magnetic equilibrium used for that pulse and time. During a
density ramp the density profile in the divertor broadens. Together
with a constant magnetic equilibrium, AL can increase by up to
70%. As a trend in the density profile at the target is not neces-
sarily representable for trends in the density profile across the di-
vertor leg above the target, both the Langmuir probe spatial reso-
lution and experimental variations in AL during a single discharge
with constant magnetic equilibrium are used to estimate the un-
certainty of AL, which makes up at most 25% of the measurement
uncertainty in R;.

2.3. Obtaining ne from Stark broadening

The spectrally resolved Balmer line profiles are affected by
Stark broadening. Our chordal measurement provides an emission
weighted integral of contributions to the line shape and thus of
the electron density [6] (n3tek).

The Stark broadened line shape of a Balmer line can be ex-
pressed as a modified Lorentzian [6] as function of n. and T,
which is a parametrisation of the Microfield Model Method [16].
The spectrometer induces additional instrumental broadening to
the emitted spectral line, which is parametrized using a modified
asymmetric Lorentzian whose parameters are obtained as function
of wavelength and viewing chord.

The experimentally observed Balmer line shape is fitted using
a numerical algorithm based on the Gradient Expansion Algorithm
[17]. The fitting function used is the convolution of Stark broaden-
ing, Doppler broadening (depends on T;) [18] and the instrumental
line shape. Magnetic effects are neglected. To lower the amount of
fitting parameters it is assumed T, = T; = 3 eV. For T, between 0.6
and 15 eV, the variations in n3@* are < 7%. For T; between 0.2
and 15 eV the variations in n3f%k are < 10%. Assuming peaked n,
profiles, n3% is in between 65-100% of the peak n. (Section 2.4).

The main parameter leading to measurement uncertainty in
n@k s the signal/noise level. By fitting synthetic spectra with a
level of random noise, we have determined the measurement un-
certainty of n3f®k as function of n, S/N level and viewing chord.
We utilize the 7 — 2 line for determining n3!“¥ since, for the same
ne, higher-n Balmer lines lead to wider line shapes, which are more
accurately analysed.

2.4. Investigating line-integration effects on n3t@*, T and
recombination measurements

The sensitivity of the n3t®* T8 F.. and R; inferences to line-
integration effects have been discussed in Sections 2.2.1, 2.2.2 and
2.3. These sensitivities have been determined using the methods
described in this section.

Line integration effects have been studied by assuming vari-
ous a priori peaked and hollow ne, T. profiles along the inte-
gration chord. For peaked profiles Gaussian profile shapes have
been assumed with widths varying from 0.5 to 7 cm using peak
densities: n, ¢ =[3,5,10].10"® m~3 and corresponding peak tem-
peratures: T,o =[15,3,1] eV. A flat neutral density profile using
no = [1018,1019] m—3 has been assumed.

(2017), http://dx.doi.org/10.1016/j.nme.2017.01.004
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Using these profiles, the Balmer line emission is modelled at
every point of the profile and the corresponding Stark line shape
is calculated. The Stark line shapes, weighted by the Balmer line
emission, are summed over all points of the profile to obtain
a synthetic Balmer line spectrum. ngt‘”", Ry, Frec and T, are in-
ferred from the synthetic spectrum using the methods described
in Sections 2.2 and 2.3.

2.5. The role of impurity concentration on inferred results

For simplicity in Section 2.2 it has been assumed that the hy-
drogen ion density equals the electron density (nj; = n.). However,
a portion of the electrons can originate from plasma impurities.
This can be taken into account by replacing the n2 term in B,
(Eq. 1) with nenf;, which can be written as fnZ, where f = nf /me.
By including f in Eq. (1) and propagating the effect of f towards the
inference of R;, Frec and T"® the role of the impurity concentration
has been investigated.

Based on Z,; measurements and fractional abundance mod-
elling through ADAS (using carbon and boron as the main plasma
impurity species) we estimate that f is in between 0.6 and 1.0. For
this range Frc differs by 0.01, R, differs by 10% and T,*® differs by
20%. Therefore, the impurity concentration is expected to have an
effect on the inferred results which is small compared to the esti-
mated uncertainty margins.

3. Experimental results

In this section we will use the DSS data and analysis tech-
niques described in Section 2 to illustrate how divertor conditions
vary as detachment proceeds in TCV. Connections will be made to
other diagnostic measurements to form a more complete picture of
the detachment process. Observations of the Balmer line intensity
(Bn _, ») and the inferred F.. from F7g presented in this section cor-
respond to the n =7 Balmer line. Our observation is that some of
the characteristics of detachment on TCV are similar to that found
at other, higher density, tokamaks. However, detachment in TCV
does not lead to a large movement of the recombination region.

3.1. Onset, evolution and dynamics of detachment

A reference plasma discharge is utilized for illustrating the pro-
cess of detachment in TCV (#52065). It has a single null magnetic
divertor geometry with a plasma current of 340 kA and a reversed
toroidal field direction (VB away from the x-point). The spectro-
scopic data has been acquired at 200 Hz and has been averaged
over a number of time frames to improve S/N level, as indicated
in the legends in Fig. 4. The line colour and line style shown in
Fig. 4A-H correspond to the diagnostic locations shown in Fig. 1B.
Similar detachment characteristics as observed for #52065 have
been found for ~ 20 other density ramp discharges, with slight
variation in timing of changes (e.g. drop in target density as deter-
mined by Langmuir probes) and magnitude (e.g. the total recombi-
nation).

The vertical error bars shown in Figs. 4A-H represent 95% confi-
dence intervals. Measurement uncertainties have been determined
by propagating measurement uncertainties in the absolute calibra-
tion; in fit parameters (determined through the Gradient Expan-
sion Method [17]); in AL and assuming n,/n. is in between 0.01
and 0.25.

Bolometry and spectral features consistently indicate an expan-
sion of a cold plasma region from the target towards the x-point
during a density ramp. During a considerable increase in Green-
wald fraction from ne/ng =0.3 to ne/ng = 0.5 (Fig. 4A), Fz5 in-
creases resulting in an increase in Fr from < 0.35 to ~ 1 (Fig. 4C).
Significant increases in Fr. first occur near the target and later the

region of enhanced F expands towards the x-point. The radiation
front as measured by bolometry (Fig. 4E), which is representative
of higher temperatures than those at which recombination occurs
[13,19], also moves from the target towards the x-point and is cor-
related with the increase in Frec.

The above spectral features are consistent with a strong recom-
bining region near the target. Those features include a strong in-
crease in B, _, 5 (Fig. 4B) which, combined with a rising Fec(n = 7),
implies that R; (Fig. 4G) is strongly increasing. Similar to trends
in Frc, the onset of this non-linear increase starts first close to
the target and later increases closer to the x-point. The increase
in B, _, , during the density ramp is both due to the n. increase
(Fig. 4D) and T/"® decrease (Fig. 4H).

Our results suggest that recombination is insufficient to effec-
tively reduce the particle flux at the time of the particle flux roll-
over. Furthermore, the (Stark) density close to the target does not
decrease. After Free — 1, By _, 2, R, and n3t* keep increasing un-
til the end of the discharge while remaining highest at the lowest
DSS chord "5 cm above the target. At first glance this and bolo-
metric measurements (Fig. 4E) would seem to indicate that while
impurity radiation have detached from the target, the high den-
sity region has not. However, Langmuir probe data (taken from the
probe closest to the separatrix) suggests the density has dropped
at the target (Fig. 4) as discussed in Section 3.2.

It is possible that the inferred R; is an underestimate, since the
closest target DSS view line intersects the separatrix 5 cm above
the strike point. If the R; spatial profile is extrapolated to the tar-
get, R, at the target is three times higher than at the DSS chord
closest to the target. However, target probe measurements (Fig. 4D)
indicate n, drops in this non-observed region, which would lower
R;. Combining LP data and spectroscopic data (Section 3.2) sug-
gests that either the electron temperature at the target is very low
(< 0.06 eV) or the high-density recombination front has moved
off-target and is located in the region between the target and the
lowest DSS chord. Detachment in TCV has so far never reached the
level where the density and recombination region peak moves to
points above the lowest DSS chord.

The total recombination rate in the divertor Ry [rec./s] is de-
termined by integrating R; toroidally and poloidally across the
chords. Ry increases strongly during the last phase of the discharge
(Fig. 4F), and reaches values of up to Ry = (6 +2)-10%! rec/s,
which is similar to the total particle flux measured by Langmuir
probes at that time, indicating that Ry contributes significantly to
the particle flux drop at this time. However, the particle flux mea-
sured by the Langmuir probes drops at 1.0 s. Ry at that time is
relatively low, which indicates that recombination losses are not
the main contributor to the initial particle flux drop.

3.2. Recombination signatures compared with Langmuir probe data

Combining data from the DSS and divertor target Langmuir
probe data is informative about the development of detachment.
The peak target electron density determined from Langmuir probe
(LP) I-V characteristics is in agreement with n3@k near the target
until 0.9 s (Fig. 4D), which is close to the time when B,, _, , starts
increasing strongly.

Across many tokamaks it has been found that the tempera-
ture derived from Langmuir probes is overestimated for T, < 5 eV,
[20,21]. Assuming this is also true for TCV, we utilize Jsq and n3@*
("5 cm from the target) to calculate T™4 (Fig. 4H). T4 decreases
during the density ramp in agreement with the Balmer line de-
rived T/*® up until 1.1 s when both the target particle flux and
target density (LP) have started dropping. Near the end of the dis-
charge, T/ reaches temperatures below 0.06 eV, much lower than
T."¢ obtained from Balmer line analysis (~ 0.5 eV). In addition it
should be noted that the peak density in the density profile along
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Fig. 4. Temporal evolution of several quantities measured by DSS and inferred from DSS measurements for three view lines during a single null density ramp shot (52065).
In addition, data obtained from Langmuir probes (LP) and bolometry is shown. The colours of the plot indicate the measurement locations shown in Fig. 1B.

the line of sight is likely higher (up to 35%) than the density in-
ferred from Stark broadening due to the weighted average along
the chord, which would lead to an even lower T;%?, Therefore, if
Te at the target would be higher than 0.06 eV, it would imply the
target density would be lower than n3'®*, Hence, the density front
would have moved between the target and the first DSS chord.

4. Discussion

The onset of detachment observed spectroscopically at TCV is
generally similar to the dynamics previously observed at higher
density machines, but there are also significant differences.

As the core density is increased in L-mode plasmas, the target
density increases and the temperature decreases, which are gen-
eral characteristics of a high-recycling divertor. However, the ion
current to the target does not increase « < ne > 2 as expected
from the two point model (assuming ne, ypox < ne > ) [19] (Fig. 4F).
This difference to other, high density machines and the two-point
model may be due to the fact that the ionization mean free path in
TCV (Ajoniz ~ 5 — 10 cm) is larger compared to the width of the di-
vertor plasma (dg, ~ a few cm) near the target [14]. Together with
the open divertor geometry neutrals are not well-confined, which
likely leads to less ionization and a slower rise in divertor density.
That could reduce the amount of charge exchange and recombina-
tion, thus slowing down the detachment process.

Once the detachment process starts with the drop in divertor
target density and the rise in recombination signatures (Fr. and
R;, Fig. 4C and G) the process of detachment proceeds slowly in
TCV. Instead of a swift movement of the recombination and high-
density regions observed at other higher density machines [3,7],
the recombining region and peak density stays near the divertor
target at TCV while recombination signatures extend towards the

x-point. At the highest core and divertor densities in the TCV plas-
mas studied so far, the drop in target density (Fig. 4D) concurrent
with the continued increase in the DSS-inferred density is consis-
tent with the detachment region (in the sense of both low density
and low temperature) moving off the divertor target slightly, less
than the 5 cm corresponding to the lowest DSS chord, as discussed
in Section 3.2. However, such a movement is very slow given that
the Stark-derived density continues to rise throughout the remain-
der of the discharge.

The inference of recombination rates through the DSS data
analysis also provides some insight into the role of recombination
in removing ions from the plasma and causing a density drop. As
discussed earlier, recombination remains highest near the target
throughout the discharge, with the total amount of recombination
rising rapidly to levels at the end of the discharge comparable to
the target ion flux. Given that the target density drops earlier in
the pulse and that the total recombination rate is less than 1% of
the particle flux at the point the particle flux starts dropping, the
question is whether recombination is playing an important role at
this time. The two possibilities are that the ion source upstream
could start dropping at the same time as the target density falls.
Or, that the recombination local to the flux tube of the peak ion
flux is removing significant ion flux. We do not have enough spa-
tial information at this time to comment further on the relative
important of the two effects.

5. Summary

The physics of the TCV divertor, including the detached regime,
has been investigated at TCV, using a newly developed divertor
spectroscopy system (DSS), together with advancements in tech-
niques for extracting information from the Balmer spectrum. Anal-
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ysis of the DSS data has been instrumental in characterizing the
behaviour of detachment in TCV. We find that the detachment pro-
cess develops slowly: the radiation first peaks near the divertor
and then moves towards the x-point. The rise in the dominance
of recombination signatures over excitation signatures follows the
movement of the radiation peak, while the strongest level of den-
sity and recombination remains close to the target. Even as the
plasma density above the target continues to increase the ion cur-
rent to the target drops, which may imply that the detached (low
pressure and density) region has moved off the target. But within
the density range studied on TCV, the detachment front moves no
further.

The role of recombination in ion loss has been investigated. We
find that there is no clear connection between the initial roll-over
in the target ion current and the level of recombination. However,
later in time, Ry approaches the integral ion current and it may be
that the recombination front moves further off the target if higher
densities could be achieved. Further studies are needed.

Acknowledgements

This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the Eu-
ratom research and training programme 2014-2018 under grant
agreement No 633053. The views and opinions expressed herein
do not necessarily reflect those of the European Commission.

References

[1] A. Loarte, et al., Power and particle control, Nucl. Fusion 47 (6) (2007) S203,
doi:10.1088/0029-5515/47/6/S04.

[2] A. Kukushkin, et al., Consequences of a reduction of the upstream power SOL
width in ITER, J. Nucl. Mater. 438 (2013) S203-S207, doi:10.1016/j.jnucmat.
2013.01.027.

[3] B. Lipschultz, et al., The role of particle sinks and sources in Alcator C-Mod
detached divertor discharges, Phys. Plasmas (1999), doi:10.1063/1.873448.

[4] G. McCracken, et al., Evidence for volume recombination in JET detached diver-
tor plasmas, Nucl. Fusion 38 (4) (1998) 619, doi:10.1088/0029-5515/38/4/311.

[5] A. Meigs, et al., Deuterium Balmer/Stark spectroscopy and impurity profiles:
first results from mirror-link divertor spectroscopy system on the JET ITER-like,
J. Nucl. Mater. 438 (2013) S607-S611, doi:10.1016/j.jnucmat.2013.01.127.

[6] B. Lomanowski, et al., Inferring divertor plasma properties from hydrogen
balmer and paschen series spectroscopy in JET-ILW, Nucl. Fusion 55 (12) (2015)
123028, doi:10.1088/0029-5515/55/12/123028.

[7] S. Potzel, et al., A new experimental classification of divertor detachment in
ASDEX-Upgrade, Nucl. Fusion 54 (1) (2014) 013001, doi:10.1088/0029-5515/54/
1/013001.

[8] C. Theiler, et al., Results from recent detachment experiments in alternative
divertor configurations on TCV, Nucl. Fusion 57 (2017), doi:10.1088/1741-4326/
aa5fb7. in press.

[9] H. Reimerdes, et al., TCV experiments towards the development of a plasma
exhaust solution, in: Proc. IAEA Fusion Energy Conference (2016), in: EX/2-3,
2016.

[10] A. Dorrington, et al., The importance of ccd readout smear in heterodyne imag-
ing phase detection applications, in: Proc. Image Vision Comput. (2005), 2005,
pp. 73-78.

[11] H. Summers, M. O'Mullane, Atomic data and analysis structure, JET Joint Un-
dertaking Report JET-P9735 (2000).

[12] A. Kukushkin, et al., Role of molecular effects in divertor plasma recombi-
nation, International Conferece on Plasma Surface Interactions (2016), P1.28,
2016.

[13] J.R. Harrison, et al., Detachment evolution on the TCV tokamak, Nucl. Mater.
Energy (2016), doi:10.1016/j.nme.2016.10.020. in press.

[14] M. Wischmeier, Simulating divertor detachment in the TCV and JET tokamaks,
Ph.D. thesis, 2005 doi:10.5075/epfl-thesis-3176.

[15] J.L. Terry, et al., Volume recombination and opacity in Alcator C-Mod divertor
plasmas, Phys. Plasmas 5 (5) (1998) 1759-1766, doi:10.1063/1.872845.

[16] C. Stehlé, R. Hutcheon, Extensive tabulations of Stark broadened hydrogen
line profiles, Astron. Astrophys. Suppl. Ser. 140 (1999) 93-97, doi:10.1051/aas:
1999118.

[17] P. Bevington, D. Robinson, Data reduction and error analysis for the physical
science, 3, McGraw-Hill, 2003, doi:10.1063/1.4823194.

[18] H.-J. Kunze, Introduction to plasma spectroscopy, 56, Springer, 2009, doi:10.
1007/978-3-642-02233-3.

[19] P. Stangeby, The plasma boundary of magnetic fusion devices, 7, 2000, doi:10.
1201/9781420033328.

[20] O. Batishchev, et al., Kinetic effects in tokamak scrape-off layer plasmas, Phys.
Plasmas 4 (5) (1997) 1672-1680, doi:10.1063/1.872280.

[21] O. Batishchev, et al, Kinetic effects on particle and heat fluxes in detached
plasmas, Phys. Plasmas 3 (9) (1996) 3386-3396, doi:10.1063/1.871615.

(2017), http://dx.doi.org/10.1016/j.nme.2017.01.004

Please cite this article as: K. Verhaegh et al., Spectroscopic investigations of divertor detachment in TCV, Nuclear Materials and Energy



http://dx.doi.org/10.1088/0029-5515/47/6/S04
http://dx.doi.org/10.1016/j.jnucmat.2013.01.027
http://dx.doi.org/10.1063/1.873448
http://dx.doi.org/10.1088/0029-5515/38/4/311
http://dx.doi.org/10.1016/j.jnucmat.2013.01.127
http://dx.doi.org/10.1088/0029-5515/55/12/123028
http://dx.doi.org/10.1088/0029-5515/54/1/013001
http://dx.doi.org/10.1088/1741-4326/aa5fb7
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0009
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0009
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0009
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0010
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0010
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0010
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0011
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0011
http://refhub.elsevier.com/S2352-1791(16)30174-0/sbref0011
http://dx.doi.org/10.1016/j.nme.2016.10.020
http://dx.doi.org/10.5075/epfl-thesis-3176
http://dx.doi.org/10.1063/1.872845
http://dx.doi.org/10.1051/aas:1999118
http://dx.doi.org/10.1063/1.4823194
http://dx.doi.org/10.1007/978-3-642-02233-3
http://dx.doi.org/10.1201/9781420033328
http://dx.doi.org/10.1063/1.872280
http://dx.doi.org/10.1063/1.871615
http://dx.doi.org/10.1016/j.nme.2017.01.004

	Spectroscopic investigations of divertor detachment in TCV
	1 Introduction
	2 Experimental setup
	2.1 TCV’s Divertor Spectroscopy System (DSS)
	2.2 Extracting information on recombination from Balmer lines using a collisional-radiative model
	2.2.1 Using Balmer line ratios to obtain the fraction of Balmer line emission due to recombination
	2.2.2 Obtaining RL and  from absolute Balmer line intensities

	2.3 Obtaining ne from Stark broadening
	2.4 Investigating line-integration effects on  Te and recombination measurements
	2.5 The role of impurity concentration on inferred results

	3 Experimental results
	3.1 Onset, evolution and dynamics of detachment
	3.2 Recombination signatures compared with Langmuir probe data

	4 Discussion
	5 Summary
	 Acknowledgements
	 References


