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Abstract. The hydrogen campaign completed at JET in 2016 has demonstrated isotope ratio control in JET-ILW
using gas puffing and pellets for fuelling, Neutral Beam Injection alone or in combination, with Do/Ha
spectroscopy as a diagnostic. The plasma properties such as confinement, L-H threshold, density limit depend on
the isotope composition. The L-H transition power increases with the hydrogen concentration with a wide
plateau in the range 0.2<ny/(np+tny)<0.8. Energy confinement is significantly lower in hydrogen than in
comparable deuterium ELMy H-mode plasmas, suggesting an isotope mass scaling that is stronger than in
IPB98(y,2). In L-mode, the isotope dependence of confinement is weaker. The H-mode density limit in hydrogen
is up to 35% lower than in heuterium, whilst it is found to be higher in L-mode. The lower ion mass leads to
reduced tungsten sputtering in hydrogen plasmas. During the campaign, the np/(np+ny) ratio dropped to ~1% in
only a few discharges after the last deliberate introduction of deuterium, although it was seen to rise again to
~2% with several seconds of exposure of the divertor tiles to ~IOMW of auxiliary heating. Several ICRH
scenarios were also tested in hydrogen plasmas.

1. Introduction

The dependence of plasma properties on the main ion isotope mass, as well as on isotope
composition is relatively unexplored and has potentially a significant impact on the
performance of future fusion devices. An experimental investigation of isotope and
composition dependences is also likely to provide stringent tests for plasma transport models.
Isotope experiments in the JET first deuterium-tritium campaign (DTE1) [1,2] in 1997 were
relatively brief and were hampered by fairly crude diagnostics by current standards, especially
concerning the resolution of the H-mode pedestal. The hydrogen (H) campaign completed at
JET in 2016 is part of a planned multi-campaign effort including experiments in deuterium
(D), H and tritium (T), leading up to experiments in D-T mixtures. Its aims are to explore the
dependence of heat, particle, impurity and momentum transport and ELM behaviour in H, D
and H-D mixtures, both in the plasma core and the pedestal. An important objective is to
devise and test strategies for isotope ratio control for the future D-T campaign. Additional
objectives include the isotope dependencies of the density limit, SOL transport, material
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migration, retention and recycling of hydrogenic species and ICRH scenarios. Assessing the
residual D concentration with near pure H operation was also an important goal, as it allows
an estimate of the D-T neutron fluence in the future full T campaign, for which the neutron
budget assumes np/(np+nt)=1%. NBI power in pure hydrogen was limited to 1 IMW while up
to 7MW of ICRH were available.

We wish to stress that this manuscript was written within a few weeks of the end of the 2016
hydrogen campaign. Whilst we don't believe that there will be any major changes to the
observations presented here, the data remain subject to revision.

2. Measuring and monitoring of the isotope ratio

The diagnostics for edge and vessel ratios included Ho/Da spectroscopy in the divertor and
main chamber [3], residual gas analysis [4] and a three-species Neutral Particle Analyser
(NPA) set to a low energy range (5-40keV) for measuring D and H atom fluxes from the
confined plasma near the LCFS [5]. After the last introduction of D by pellets into H plasmas,
marked by an arrow in fig.1, no further D was injected until the last day of the campaign. The
residual D concentration decreased to ~1%, as consistently measured using spectroscopy and
residual gas analysis. NPA analysis using the lowest energy channel (5keV), which is least
affected by the NBI slowing down distribution, and multi-shot averaging indicated residual
thermal D levels down to between 0.5 and 1% using a simple model [6]. Background counts
at energies between 20 and 40keV in the NBI slowing down distribution, showed that the
residual D in the H beams was at most ~10~. Prolonged heating (several seconds at ~10MW)
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3. Isotope ratio control in the mix H & D phase.

The H campaign allowed a test of strategies to control the D/T ratio in the future JET D-T
campaign using gas puffing, NBI fuelling and pellets. Real time control of the isotope ratio
with only H and D gas puffing and Ho/Da spectroscopy as the diagnostic proved to be very



3 PDP-2

effective in both L- and H-mode plasmas allowing for controlled swings of the isotope ratio
of several tens of % in only 2-3 seconds. Divertor and main chamber fuelling were similar in
effect. The ideal scheme for achieving a constant isotope ratio profile was by setting both gas
and NBI H and D fuelling rates to near the desired isotope ratio. Unfortunately H and D
beams were available together only for a small number of discharges. However, even with
NBI fuelling with only one species, good isotope ratio control was achieved. The core ratio in
that case differed from the edge ratio by only 10-15%, roughly as expected from the effect of
particle transport, assuming D=y efr.

In ITER, two pellet injectors, one for D
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Fig 2. Core isotope ratio control using D pellets with SHz pellets (blue traces). This
injected into a H majority H-mode plasma for two  fuelling rate is comparable to the
discharges. Top: NBI power, notched for improved CXS  ynderlying hydrogen gas fuelling rate.
Ti measurements. 2" box: line integrated density  The case shown in fig. 2 is for D beams
showing impact of pellets, 3": core isotope ratio into H plasmas, allowing the best
inferred from neutron rates, bottom: edge isotope ratio  easurement of the core Deuteron
from Ha/Da spectroscopy density thanks to beam-plasma neutrons.
No 4™ harmonic D acceleration, whether
beams are present or not, is predicted with 2°® harmonic by the TOMCAT code [8]. This was
experimentally verified, eliminating the possibility that the core isotope ratio measurement
based on the neutron rate could be affected by resonant acceleration of D.The experiment was
repeated using pure hydrogen beams with a similar result, the core isotope ratio being inferred
from thermal neutron rates. These experiments provide useful data for testing models used for
the control of hydrogen isotopes in ITER using pellets and demonstrate that core hydrogen
plasma can be fuelled using pellet injection.
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4. L-H transition dependence on plasma isotope composition

The necessary power threshold to access H-mode has been studied in hydrogen and mixed
hydrogen-deuterium mixtures, and compared to reference deuterium pulses. Fig. 3 shows the
results for L-H transition power threshold as a function of line-averaged density for different
isotope combinations and different heating schemes. The threshold is quantified as the total
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auxiliary input power, plus Ohmic heating, minus the time derivative of the stored energy,
minus charge exchange losses, minus an estimate of the radiated power in the core from
bolometer chords. All data is at the same plasma current and magnetic field (1.7MA/1.8T),
the same plasma shape with the outer strike point on the horizontal divertor target plate,
which is the configuration with the lowest power threshold in JET-ILW. Several notable
trends are observed, both for the value of Pr.y at fixed density and for variations of the
minimum of the dependence of Py on density. Considering only the pulses with dominant
ICRH heating, the value of the power threshold in hydrogen plasmas is about 2-2.5 times
larger than in deuterium, which is generally consistent with previous results [16]. The
difference between hydrogen and deuterium is larger in the low density branch of the L-H
transition than in the high density branch. Also, the value of the minimum of P,y as a
function of density going from deuterium to hydrogen as shown in fig. 3. Future analysis will
assess the relative partition of heating between electrons and ions in this data. We also find
that for most densities, the threshold in 50/50 hydrogen/deuterium mixtures is equal to about
the average of the threshold in pure hydrogen and deuterium plasmas (fig.4). The figure
shows that a small admixture (<20%) of one species makes a large change to Ppg.
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(black), 0.4< H/(H+D)<0.6 (blue), and
H/(H+D)>0.9 (red).

The L-H transition studies have also revealed an n=0, m=1 magnetic oscillation, starting
immediately at the L to H transition (so-called M-mode at JET) [9]. While the magnetic
oscillation is present, a weak ELM-less H-mode regime is obtained with a clear increase of
density and a weak electron temperature pedestal. The axisymmetric magnetic oscillation is
dominantly up-down, and its typical frequency is ~ 1 kHz. The frequency appears to scale
with the poloidal Alfvén frequency. The mass dependency was confirmed by the comparison
of H and D ICRH heated plasmas and the density and current dependencies were studied in
deuterium. Pedestal and SOL diagnostics show that the oscillation is localised at the pedestal,
and the mode modulates particle and heat fluxes to the target.

5. Energy confinement dependence on plasma isotope composition

The energy confinement in hydrogen plasmas was compared to previously produced
deuterium reference sets achieved under similar conditions. Fig. 5 shows the stored energy as
function of total heating power for the two species in discharges with Br=1.7T, [,=1.4MA.
Confinement in hydrogen plasmas is lower than in deuterium, as already reported from JT-
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60U [10]. This is in part due to the
difficulty (not observed in JT-60U [10])
of achieving similar densities in both
deuterium and hydrogen plasmas. Unlike
in deuterium H-modes, for which there is
little or no margin to influence the density
by gas puffing, the density in hydrogen H-
modes can be increased although
requiring very high gas puffing to achieve
the same densities as the deuterium
references; these were only achieved in a
few cases. Another difficulty was that due
to the high L-H threshold in hydrogen,
even at high power (10MW and more)
type I ELMy H-modes with marginal
performance or type III ELMy H-modes
were obtained at 1.7T.

Preliminary power law scalings in type [

ELMy H-mode indicate an atomic mass scaling for ELMy H-modes significantly stronger
than in IPB98, but this dependence remains subject to revision as further data become
available (e.g. T;). Mixed H-D H-mode plasmas exhibit confinement properties intermediate
to those of pure D and pure H plasmas. L-mode data analysed so far are in stark contrast with
H-mode data, as the confinement was found to depend only weakly on the isotope species.

6. ICRH scenarios in hydrogen and mixed isotope plasmas
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Fig.6 ICRH three-ion heating scenario (#91012, 3.1T,
1.8MA), from top to bottom: ICRH power, °He
concentration, isotope ratio from spectroscopy (-) and
residual gas analysis (...), plasma stored energy W, (e)
central plasma electron temperature from ECE.

Several ICRH scenarios were tested in
majority H plasmas, with applications to
JET D-T experiments and the ITER non-
active phase. These included successful
demonstrations of the efficacy of the
three-ion D-("He)-H and the Doppler
shifted D-(Dng1)-H scheme, the classical
*He minority scheme and 2nd harmonic H
heating. The three-ion ICRH scheme is a
new and potentially important scheme
suitable for mixed species plasmas with
proposed applications to the next JET DT
(DTE2) campaign and to ITER. In this
scheme, the mode conversion layer
established by the two main species is
arranged, by a suitable choice of the
isotope ratio, to be close to the
fundamental cyclotron frequency of the
third (minority) species, which efficiently
absorbs the power thanks to the large
amplitude left hand polarised wave
component [11]. Effective plasma heating
with trace amounts of *He ions (~0.2%)
and an edge isotope ratio H/(H+D) = 0.80
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plasmas has been demonstrated with ICRH as the only auxiliary heating method (fig.6). The
observed sawtooth stabilisation and the detection of gamma rays and neutrons from *He-"Be
reactions confirm that the ICRH caused *He acceleration. These experiments have established
the D-CHe)-H scenario as an efficient tool for plasma heating and energetic ion generation,
paving the way for applications in D-T plasmas using the T-(’Be)-D and possibly the T-('Li)-
D schemes. As a part of three-ion scenario development, the idea of using D-NBI ions as the
third ion species resonating in the vicinity of the mode conversion layer by virtue of the
Doppler shift (k,v)) has also been tested. This synergetic NBI+RF 3-ion scenario resulted in a
significant enhancement in neutron rate (more than by a factor of 10) with energetic neutrons
and gamma-ray emission associated with energetic D ions.

The classical *He minority and the 2™ harmonic fundamental ICRH scenarios proved to be
robust in hydrogen plasmas with efficiencies of N~60%, indicated by preliminary analysis
using the break-in-slope method. Classical *He minority heating close to its fundamental
cyclotron frequency (f=33MHz at B1=3.15T) provided minority heating at modest
concentrations (~2%) and electron heating at ~4%. The low background neutron rates in near
pure H plasmas (~10°s™) allowed the observation of nuclear reactions involving energetic
He, chiefly *He+’Be—''C+n [12], which raised the neutron rates by up to 3 orders of
magnitude, as marked with magenta x signs in fig.1. Second harmonic H majority heating at
low field (Br=1.7T for f=51MHz) was also used extensively for plasma heating in the
experiments described above, both in hydrogen and mixed plasmas (marked as cyan x in
fig.1). At low density and in the presence of H-NBI, this scenario lead to an enhancement of
the neutron rates from ~10°n/s to as much as 2x10'n/s in some cases, providing evidence for
the creation of fast deuterons by reactions of ICRH-accelerated protons with energies up to
~IMeV with Be ions present as intrinsic impurities via the p+'Be—2 4He+D reaction and
subsequent neutron production from the D+D—"He-+n reaction [13].

Fundamental Deuterium minority heating was tested with ICRH alone (B1=3.2T, {=25MHz),
with an efficiency of N~40% from break-in-slope analysis. Hydrogen fundamental ICRH was
found to be a poor heating scheme with n~20%, even if NBI is available to ensure preheating
(f=51MHz, Bt =3.3T).

7. L- and H-mode density limit in hydrogen

Tokamak operation at high density with a partially or fully detached divertor is considered as
the baseline scenario for ITER and future fusion power plants. The establishment of a
detached divertor at densities close to the Greenwald limit ngw (density limit, DL) is
mandatory for both maximising the fusion power and reducing the heat loads on plasma-
facing components, in particular onto the divertor target plates. Substantial efforts from JET
and AUG have been made to identify the underlying mechanisms via developing scaling laws
[14, 15] responsible for the H-L transition at high density in metallic machines. Previous
experimental studies in JET-C in L-mode [16] and H-mode [17] showed that different
isotopes lead to a different behaviour of the density limit. In order to investigate this latter
issue, L- and H-mode density limit experiments were performed in H plasmas and compared
with the results obtained in D plasmas.

In L-mode, the density limit is defined as the plasma density prior to the so-called “density
limit” disruption, whilst in H-mode, the density limit is defined as the density at which the H
to L transition occurs. The experimental results show apparent differences for the DL in L-
mode and H-mode plasmas: (1) in L-mode density limit is up to 10% higher in hydrogen than
in deuterium plasmas (fig. 7a) whilst in H-mode, the DL is up to 35% lower in hydrogen than
in the deuterium plasmas. (2) In L-mode plasma the divertor plasma configuration has a
modest impact on the DL, reducing the difference in DL density between H and D from 10%
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in vertical configurations to 5% in horizontal configurations. The detachment onset density,
i.e., the density at which ion current to the target plate saturates, is 30% higher in H than in D.
EDGE2D-EIRENE simulations predict up to 50% higher divertor densities in D than in H,
identifying the divertor density as the root cause for the difference in the DL in H and D
plasmas [18]. (3) In H-mode, the density limit is not related to an inward collapse of the core
plasma induced by the overcooling of the plasma periphery by radiation. Both in H and D
plasmas, the total radiation and the bulk radiation stays almost constant throughout the entire
pulse, from ELMy H-mode to L-mode. (4) The H-L transition in both D- and H-plasmas is
correlated with neither detachment nor the X-point MARFE, thus these are not limiting the
plasma density. (5) The density limit in H-mode on JET-ILW is nearly independent of power,
whilst in L-mode, a 20% increase is observed on the rollover density dependence with power
in the range used in these experiments for D- and H-plasmas. The measured Greenwald
fractions in this experiment, which was in the vertical divertor target configuration, are found
to be consistent with the predictions from a theoretical model based on MHD instability
theory [19] in the near-SOL as shown in fig. 7b.
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Figure 7: (a) lon current saturation at the divertor for two similar plasmas in H (red) and in D
(black). (b) Experimental measurements of the Greenwald, in gas fuelled H-Mode DL discharges in
JET-ILW (vertical target configuration) and AUG tokamaks, plotted against the predicted Greenwald
fraction from the Goldston model.

8. Tungsten sources in Hydrogen plasmas

L-mode and inter-ELM W sources in JET-ILW are determined in pure deuterium discharges
by Be ions impinging on the W divertor [20]. Detailed studies revealed that Be*" ions are the
dominating species with a maximum concentration of 1% with respect to the deuterons. Also,
the corresponding physical sputtering threshold has been measured and the absence of the W
source at impact energies below 35e¢V at the outer target plate measured. As expected, a
similar observation with an energetic threshold was made in hydrogenic plasmas as depicted
in figure 8 showing the effective W sputtering yield related to the hydrogen recycling flux as
proxy for the impinging ion flux at the target plate. However, the source strength is reduced as
the cause of the W sputtering, the Be ion influx is reduced too. This is due to the fact that
primary source of the Be, erosion at the main chamber by physical sputtering [21] by protons
is lower than by deuterons due to the change in mass. As a consequence, the inter-ELM and
L-mode W source in hydrogen plasmas are significant lower than in deuterium, which allow
safe operation at lower plasma fuelling rates before critical W core concentrations or W
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accumulation sets in. The impact of
the isotope exchange is even more
pronounced during the ELM impact,
as in this case the flux of hydrogenic
ions is predominantly responsible for
the W source [22]. The difference in
the mass of the projectile is
determining the total strength of the
ELM-induced W-source in hydrogen
and deuterium plasmas as predicted
by binary-collision approximation
calculations and predicted by [20].
This also widens the operational
window at low fuelling rate in
hydrogen plasmas in comparison to
deuterium plasmas.

Whilst many of the results of the 2016 hydrogen campaign are still subject to revision and
need further analyses, the success of the campaign bodes well for the multi-campaign effort
(which will include experiments in full T and in D-T), of investigating isotope effects in
conditions close to those expected in ITER. Further analysis, in particular, will focus on
detailed understanding of the SOL and pedestal behaviour for different isotopes and how they
determine global transport properties, H-mode access and density limits.
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