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Abstract

Experiments in JET-ILW Ohmic confinement mode plasmas show that the line-averaged
detachment onset density in deuterium discharges is approx. 10% lower than in hydrogen
discharges. The magnitude of the isotope effect on the detachment onset density depends on the
divertor geometry, the magnetic configuration and the throughput of the sub-divertor/divertor
cryopump system. Simulations with the edge fluid code EDGE2D-EIRENE revealed that the
pumping of neutral gas within the JET divertor is effective near the outer divertor target only.
The studies show that the magnitude of the isotope effect is determined by the molecular
pressure in the sub-divertor pumping plenum.

According to the simulations, operating in vertical configurations or closer proximity of the
strike point increases the molecular pressure (and thus throughput) in front of the outer pumping
plenum by up to 15% compared to the horizontal configuration, thus producing a stronger
isotope effect on the detachment onset density. Similarly, EDGE2D-EIRENE predicts that
plasma, hence neutral, redistribution due to E % B drifts in favourable B, configurations (ion B x
grad(B) towards the divertor) decreases the throughput. The total decrease of the throughput
reduces the isotope effect on the detachment onset density, and decreases the detachment onset
density for both isotopes.

1. Introduction
Present-day tokamak designs call for highly dissipative boundary plasmas that can exhaust more

than 80% of the power leaving the core plasma before it reaches the divertor targets [1]. The
reduction of the heat flux to the target plates in high-density, detached divertor conditions was



demonstrated for most major tokamaks [2-11]. In detached divertors, the heat fluxes to the
divertor target plates within the material limits (<10 MW/m?) were observed. The onset of
detachment is caused by a combination of volumetric momentum and power losses due to
plasma-atom and plasma-molecule interaction, e.g., by the collisional processes such as
charge-exchange and the line radiation. These processes take place at plasma (electron, T,)
temperatures below 3 eV, at which the collisional ionisation rate is reduced and the
recombination rate increased dramatically [12,13]. The ionisation mean free path (MFP) of
recycled atoms is typically much shorter than the dimensions of the divertor, therefore most of
the atoms are re-ionized before reaching the core plasma [14].

The current of molecules removed by the cryopump is determined by the molecular pressure at
the cryopump, which depends on the divertor plasma conditions and the divertor geometry [15].
The wall retention rate of the JET-ILW is typically more than 10 times smaller than the
cryopump pumping rate [16]. The gas conductance between the inner pumping plenum and the
cryopump is significantly lower than the conductance between the outer pumping plenum to the
cryopump, thus making pumping at the inner divertor leg insignificant. In the vertical-horizontal
(V5/C) configuration at JET (Fig. 1), the probability of a molecule ejected from the inner strike
point (ISP) to reach the cryopump is approximately 30 times lower than for a molecule ejected
from the outer strike point (OSP). The cryopump is located at the outboard side, due to the
limited space available on the inboard side. In JET the cryopump is connected to the divertor
chamber via two pumping plena in the inner and outer divertor corners. This difference in
conductance of the inner target (IT) and outer target (OT) pumping plena affects the divertor
molecular density. The edge line-averaged electron density has been used as a proxy for the
outer-midplane separatrix electron density to determine the detachment onset density. The
measurements of the edge line-averaged density are done by the far-infrared interferometry [17].

In JET, the isotope effect on the detachment onset density was extensively investigated in the
1998 DTE campaign [18], indicating a 30% higher detachment onset density for the hydrogen
L-mode pulses in the vertical target configuration of the JET-C than for the deuterium. The
JET-C discharges in hydrogen exhibited the effective charge approx. 1.5, while the deuterium
showed 2.0 due to the higher physical sputtering rate (no isotope effect on the chemical
sputtering was found in L-mode JET plasmas), the deuterium and tritium plasmas showed an
insignificant difference in effective charge [18]. The C" photon yield of the hydrogen discharges
was reported 2-3 times lower than in the deuterium shots. Hence, impurities affected the divertor
plasma conditions in the JET-C. On the other hand, the Ohmic pulses in JET-ILW typically have
an effective charge close to unity [19]. Therefore, the role of the impurities on the isotope effect
is assumed small. While the numerical investigation of the isotope effect in JET-ILW by J.
Uljanovs et al. [20] did not include the effects of cross-field drifts and currents, this paper
describes EDGE2D-EIRENE [21-24] simulations of the isotope effect in JET-ILW Ohmic
discharges without nitrogen seeding with realistic sub-divertor geometry [25], including drift
effects.



2. Experimental Results

The isotope effect was investigated in JET-ILW Ohmic discharges with plasma currents, I, of
2.0 MA, and on-axis magnetic toroidal fields, B; of 2.0 T with the ion B x grad(B) drift towards
the divertor (favourable direction) in the V5/C and VV configuration. Two types of fuelling were
used: density steps and a fuelling ramp. The density steps were used for measuring the
steady-state sub-divertor pressure and usage of SP sweeps for the Langmuir probes profile
reconstruction. The response time of the subdivertor pressure measurements to gas fuelling
change was t,, = 0.2 s for V5/C and t,, = 0.5 s for VV configuration. Fuelling ramps were used to
capture the rollover with high time resolution.

The lighter hydrogen isotopes result in higher rollover densities compared to the deuterium (Fig.
2). In the vertical-horizontal configuration, the isotope effect is 10%. The vertical-vertical
configuration exhibits the same isotope effect equal to 30%. For the same line-averaged density,
the hydrogen plasma has 50% higher temperatures and lower densities than the deuterium
plasma along the outer target.

For the same upstream electron density and electron temperature, the sub-divertor pressure in
hydrogen discharges was observed to be 50% lower than in equivalent deuterium pulses (0.04 Pa
in H,, 0.06 Pa in D, at <n> = 2.2x10" m™). The difference in the subdivertor pressure can be
caused by the isotope effect on the saturation pressure and the conductance. The sub-divertor
pressure is measured with a capacitance manometer (baratron) [24], thus independent of the gas
species. The conductance of the pumping plenum and pumping speed scale linearly as the
thermal velocity of the molecules (Eq.1).

(1) Sg=Ap,v,/4

Where A - area, p, - sticking probability, v, - thermal velocity.

On the other hand, the lighter isotope was found to have higher vapour pressures for a fixed
temperature than heavier isotopes [28], which decreases the sticking probability of gases on the
actual cryopump panels. As was investigated in [29], the effective albedo, the probability for
molecules to be reflected in the opposite direction, (& =1-p,) of the louvre is approx. 0.8, which
significantly reduces the throughput. The louvres are located between the core plasma and the
cryopump. The louvres albedo is considerably higher than albedo of cryopump [22] implying
that the sub-divertor pressure is governed by the cryopump sticking probability. On the other
hand, the divertor neutral density is affected by fuelling and plasma parameters only. Therefore,
the sub-divertor pressure cannot be used as a proxy for the divertor neutral density in these
plasmas.

The difference in pumping speed of the combined pumping plenum conductance and cryopump
between hydrogen and deuterium was estimated using the ratio of the fuelling current and the
sub-divertor pressure in density step discharges. Despite the higher sticking probability in the



deuterium case [28], the pumping speed ratio was estimated to be S;/Sp=1.2. In the case of equal
albedo (o = a, = 0.92), as shown in [29], the pumping speed ratio is expected to be
S./Sp=Vm,/Yym,=1.41. Hence, the pumping plenum’s conductance plays a more dominant role in
the throughput, compared to the cryopump. In the case of equal fuelling current, the case with
low pumping speed has higher neutral densities.

The difference in the measured outer midplane electron density profiles for H and D is less than
15% at <n> = 1.7x10" m™ (Fig. 3a), which is comparable with the systematic errors of the
electron density estimation from the Thomson scattering (TS) and interferometry diagnostics.
Electron temperature profiles for H and D are identical (Fig. 3b).

3. Numerical Simulations Results

The EDGE2D-EIRENE simulations utilized a magnetic configuration from JET pulse number
80295 in the V5/C configuration representing all of the experiments for pure hydrogen and
deuterium plasmas. The grid includes the main plasma volume, the divertor, and the sub-divertor
region. Simulations of hydrogen and deuterium plasmas with sputtered beryllium were
conducted. EIRENE considered the elastic collisions of hydrogen atoms/molecules with ions
[30]. However, the molecular-molecular and atomic-atomic collisions were not included in the
EIRENE simulations because the approximate Knudsen number at the pumping plenum is below
unity for the sub-divertor pressure range in Ohmic discharges. To eliminate the influence of the
cross-field transport in the first step of analyses (Fig. 4), the hydrogen and deuterium cases had
equal particle and heat diffusion coefficients, results with different diffusion coefficients are
presented in the discussion section. The diffusion coefficients were used the same as for the
hydrogen case in [31]. The cryopump albedo value for both isotopes was assumed to be & =0.92.
All simulations included E x B drifts and curvature drifts.

The cryopump is located near the outer target and behind the pumping plenum which protects the
cryopump from the radiation (Fig. 1). The shortest path length from the outer pumping plenum to
the cryopump is approximately 30 cm, while the path from the inner pumping plenum to the
cryopump is greater than 120 cm. According to [32], this difference in molecular path length is
sufficient to raise the effective albedo of IT pumping plenum from 0.8 to 0.95. For the presented
cases, the effective (calculated using EIRENE) albedo of the outer pumping plenum is
approximately 0.8. The inferred I'T pumping plenum’s albedo is approximately unity.

The recycled particles from IT and OT enter the inner and outer pumping plena,
correspondingly. D. Moulton et al. [33] showed that the contribution of the IT neutrals to OT
ionisation source is negligible. And S. Varoutis et al. [34] stated that the neutral recirculation
through the gaps of the vertical divertor tiles is two orders of magnitude less than recycling flux.

In the simulations, the throughput was decreased by 5-15% due to the E x B drift towards the IT
compared to cases without drifts. In particular, the radial E x B drifts move the ions towards the



inner sub-divertor entrance in the favourable B, direction and diminish pumping capacity by
raising the molecular pressure at the inner sub-divertor entrance and decreasing the molecular
pressure near the outer sub-divertor entrance (Fig. 5).

The EDGE2D-EIRENE predicted molecular and electron densities are 15% higher at the OT in
the case without drifts, and the electron density profile at the OT is shifted by approx. 3 cm
towards the outer target pumping plenum (Fig. 6), increasing the throughput difference between
the isotopes by increasing the number of molecules reflected towards the cryopump. The
decreased neutral and electron densities cause lower momentum losses in hydrogen cases than in
the deuterium cases.

The influence of the ionisation mean free path difference on the divertor conditions was small in
comparison with the influence of the pumping plenum conductivity difference. Dedicated
EIRENE simulations with a fixed background plasma showed higher deuterium densities in the
divertor region (by 20-30%), while the hydrogen atoms penetrate the core plasma deeper than
deuterium atoms.

The detachment onset density for both isotopes was predicted to be approx. 5% lower in
simulations with the drifts turned on than for the case without drifts (Fig. 7a). The predicted
sub-divertor pressure in the case without drifts is 10% higher than in the case of the favourable
B, case and therefore the current to the pump is also higher at rollover densities (Fig. 7b).

To investigate the impact of Be as the primary intrinsic impurity species in JET-ILW, additional
EDGE2D-EIRENE simulations were executed assuming Be main chamber walls and a W
divertor [35]. As in Harting et al. [35], the main source of Be is the sputtering by
charge-exchange atoms from the main chamber walls. The effective sputtering yield of Be (the
sputtering yield by a monoenergetic beam with the average ion energy) in the hydrogen case is

lower by 60% than in the deuterium case. The total Be radiation (P_ ) is approx. 5 times lower

rad
than the total hydrogen/deuterium radiation, but differences between isotopes result in a 15%
lower total radiation in the hydrogen case than in the deuterium case due to the higher Be
density. The simulation results are in quantitative agreement with a total radiation power
difference of approximately 20% observed in the experiments. Introducing Be as the primary
impurity species has a weak impact (<5%) on the divertor electron density and temperature due
to the low concentration. The tungsten line-radiation does not play a role in the isotope effect due
to low sputtering yields of tungsten in the ohmic discharges; therefore, tungsten transport was

neglected.



4. Discussion

In JET-ILW Ohmic plasmas, the experimentally observed and numerically predicted isotope
effect on the detachment onset density are of the order 10%, which is within the uncertainties of
the measurements. The observed differences in the detachment onset density are derived from
line-averaging interferometry at the outer edge of the plasmas, including the pedestal and the
scrape-off layer regions, while the simulations are based on the imposed electron density at the
separatrix at the outer midplane. The upstream density profiles for electron density and
temperature from the high-resolution Thomson scattering are uncertain in the range of the 10%
due to the profile shifting and absolute calibration errors. The uncertainty in the assumed
diffusion coefficients changes the total fuelling current and molecular densities.

In the experiment (Fig. 2), the line-integrated density is used as an x-axis value, which is a proxy
for upstream separatrix density and depends on the core density. The upstream separatrix density
cannot be used in the experimental comparison because the accuracy of the estimation from the
TS diagnostic is much lower than the isotope effect. The simulation results comparison used the
upstream separatrix density directly (Fig. 8). Thus, the comparison of the experimental and
predicted isotope effect requires the measurements of the upstream separatrix density, which has
unacceptably low accuracy due to the errors in separatrix position estimation.

A dedicated set of EDGE2D-EIRENE simulations with the more realistic diffusion coefficients
for the deuterium in the fav. B; case exhibited an increase of the detachment onset density by
10% (Fig. 8a and Fig. 8b) in comparison with the hydrogen cases.

To further investigate the impact of cross-field drifts on the isotope effect on the detachment
onset density, the EDGE2D-EIRENE simulations of the divertor plasma with the ion B x grad(B)
drift out of the divertor (unfavourable direction). The numerical experiment quantifies the
increase of the throughput caused by E x B drifts as they move plasma in the direction of the
outer pumping plenum. Throughput increases due to the lower outer pumping plenum albedo
than inner pumping plenum albedo. Simulations revealed a 30% higher electron and molecular
densities at the OT and enhanced (approx. 10%) isotope effect on the detachment onset density.
The radial E x B drifts move the ions towards the outer sub-divertor entrance in the unfavourable
B, (Fig. 9) increasing throughput by 10%.

The isotope effect on detachment onset density between deuterium and tritium is less significant
than between hydrogen and deuterium due to the two times lower difference in the square root of
mass ratio (Yym/ym, — 1 = 0.22). Thus, the isotope effect in case of equal diffusion coefficients
can be considered negligible. The difference in the detachment onset density caused by the
diffusion coefficients is expected to be dominant in deuterium and tritium cases.

The different effective albedos of the inner and outer pumping plena are important in the
vertical-horizontal plasma configuration because the recycled neutrals from the inner target



cannot be pumped, while in the vertical-vertical configuration both plena are connected by the
private flux region (Fig. 1). Therefore, the role of drifts on the isotope effect is expected to be
smaller in the VV configuration.

5. Conclusions

The impact of the conductances of the pumping plena, the sticking coefficients of the divertor
cryopump, and the E x B drift direction influence on the isotope effect of detachment onset
density was investigated in this paper. Experimentally, the isotope effect on the detachment onset
density is equal to 10% in the V5/C configuration. The effect is partly caused by the increased D,
density in the divertor due to the difference in the pumping plena conductance compared to H,.
Tokamak operation in the favourable B, direction as carried out experimentally in these studies
reduces the pumping capacity of the system in the vertical-horizontal configuration compared to
omitting cross-field drifts.

In EDGE2D-EIRENE simulations with drifts in the favourable B, direction, plasmas have
decreased throughput and higher molecular densities near the OT strike point. Thus, they are
predicted to lead to a weaker isotope effect on the detachment onset density as drifts decrease the
detachment onset density for both isotopes. Drifts move plasma density towards the I'T pumping
plenum leading to a decrease in the throughput. Based on predictions, the isotope effect on the
detachment onset density in favourable B, direction is caused by the outer midplane profile
difference and not by the divertor conditions. The dependence of the detachment onset density
on the transport coefficients calls for highly accurate experimental and numerical analysis of the
upstream profiles (Fig. 8b).
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Figure captions:

Figure 1: The separatrix position for vertical-horizontal (V5/C) and vertical-vertical (VV)
configurations in the JET divertor with the pumping plena (IT PP and OT PP) and cryopump
(PUMP).

Figure 2: The total ion current as a function of the line-averaged edge density. Gaussian
Process Regression [27] was used to smooth the experimental data and to determine the value
of the rollover taken to be the detachment onset density. The data from the hydrogen
discharge in the vertical-vertical configuration was scaled.

Figure 3: a) Outer midplane TS electron density profile (hydrogen — black,

deuterium — red). Gaussian Process Regression [27] has been used to smooth the curve.
b) Outer midplane TS electron temperature profile (hydrogen — black,

deuterium — red). Gaussian Process Regression [27] has been used to smooth the curve.

Figure 4: Assumed particle and heat diffusion coefficients for the hydrogen and deuterium
ions as a function of distance from the separatrix at the outer midplane in EDGE2D-EIRENE.

Figure S: 2D distribution of the relative difference of the D, densities in fav. B, drift and no
drift cases at upstream density n_,, = 1.8x10 '* m”. The blue line is the separatrix contour.

Figure 6: a) Electron density profiles at the OT as a function of distance to the separatrix for
the simulation cases at the upstream density n,,, = 1.8x10 ' m™.

b) Molecular density profiles at the OT as a function of distance to the separatrix
for the simulation cases at the upstream density n,,, = 1.8x10 " m”.
Figure 7: a) Predicted total ion saturation current as a function of the upstream separatrix
density in the fav. B, and no drift cases.

b) Predicted pumped current as a function of the upstream separatrix density in the

fav. B, and no drift cases.

Figure 8: a) Assumed particle and heat diffusion coefficients at outer midplane for
EDGE2D-EIRENE simulations used from [31].

b) Total ion saturation current as a function of the upstream separatrix density and
transport coefficients.

Figure 9: The molecular current to the inner target pumping plenum (IT PP) and the outer
target pumping plenum (OT PP) for the simulation cases at the upstream density
N, = 1.8x10 " m*in fav. B, (blue) and unfav. B, (orange) drift cases.



