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Abstract

The behaviour of impurities in fusion plasmas is of crucial importance for achieving sustained
fusion reactions, and understanding similarities and differences between Deuterium (D) and
Tritium (T) plasmas is needed to assess potential changes from DD to DT in ITER and future
reactors. The first dimensionless and dimensional isotope identity experiments between
Deuterium (D) and Tritium (T) L-mode plasmas were conducted at the JET W/Be wall. In the
first approach, the discharges with matched px*, v, 3y, g, and T./T; were compared to
emphasize direct isotope effects, while in the dimensional approach engineering parameters
such as toroidal magnetic field Br, plasma current /,, plasma electron density and NBI power
Pnpr were matched. The dimensionless isotope scaling showed an improvement in global
confinement and local transport in T plasmas in comparison to the matched D one (Cordey et al
1999 Nucl. Fusion 39 301). Detailed impurity analyses using VUYV, visible spectroscopy, SXR
cameras, and bolometry revealed that T plasmas exhibited higher radiation and impurity
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content, particularly Ni and W, compared to D plasmas. Understanding the origin of the
increased impurity content is addressed in this paper. The dimensionless experiments showed
differences in impurity transport. The Be source behaviour varied: D plasmas had higher Be
influx in the dimensionless approach due to lower electron density and enhanced sputtering
(Saibene et al 1999 Nucl. Fusion 39 1133), while T plasmas showed a higher Be source in the
dimensional experiments, highlighting isotope mass effects. W in the divertor region was not
sputtered by hydrogen isotopes. W in the divertor region was not sputtered by hydrogen
isotopes. In the dimensionless experiments, W sputtering was primarily influenced by Ni in T
plasmas and by Be in D plasmas. However, in the dimensional approach, Be played a more
significant role in W sputtering within T plasmas. MHD instabilities, including ST oscillations,
were present in all cases other ones were correlated with NBI power levels; higher NBI power
led to elevated levels of Be, Ni, and W impurities. The comprehensive comparison underscores
the necessity of accounting for isotope mass effects in predictive modelling and optimization of

plasma performance in fusion reactors.

Keywords: fusion, tokamak, impurities, tritium plasmas, H isotopes

(Some figures may appear in colour only in the online journal)

1. Introduction

The isotope mass (A) scaling of the global energy confinement
time 7g and the thermal energy confinement time 7gg can
be significantly different depending on the plasma regimes.
Conducted research on the JET tokamak with the carbon wall
(C-wall) showed different scaling of confinement for ELM-
free and ELMy H-mode plasmas [1] or high-density H-mode
[2]. For type I ELM H-mode plasmas confinement scaling
improve by changing the C-wall [1] to the JET ITER-like
wall (ILW) with beryllium (Be) limiter and tungsten (W)
divertor [3]. In the JET-ILW tests were also done for NBI,
L-mode [3] and a weak isotope dependence was observed.
The isotope mass scaling in L-mode and H-mode conditions
was significantly different. Understanding the effect of A on
heat and particle transport is still incomplete and most of the
existing studies at JET-ILW are based on the comparison of
hydrogen (H) and deuterium (D) plasmas [3, 4]. However,
future fusion power plants and experimental reactors, such
as ITER, will operate with deuterium-tritium (D-T) plasmas.
In the past only on two devices in the world, TFTR [5, 6],
and JET C-wall [1] isotope scaling of confinement between
D and T plasmas was studied. Recent JET T and D-T cam-
paigns were a unique opportunity to study core confinement
in D and T plasmas in reactor-relevant plasma conditions [7,
8]. It was found, that due to the lack of a pedestal, the iso-
tope scaling in the plasma core is significantly different in
the L-mode [7] in comparison to H-mode [8] plasmas. As it
was reported in [9] the pedestal density is isotope dependent.
The dimensionless isotope mass scaling experiment between
D and T plasmas showed the improvement in global con-
finement and local transport in tritium L-mode plasmas was
found in comparison to deuterium one [7]. However, despite
the better plasma confinement also higher impurity radiation
was observed. Understanding the origin of observed increased
intrinsic impurity content in T plasma is addressed in this
paper. As D and T isotopes differ by 50% in mass, impurities

may experience different transport properties depending on
the predominant isotopic species present in the plasma. This
can affect impurity diffusion, convection, and drift processes
within the plasma [10-14]. Changes in the isotopic composi-
tion of hydrogen can impact the overall plasma composition,
including impurity concentrations and distributions. Isotopic
differences can influence the mechanisms of plasma-surface
interactions, affecting impurity sources. Consequently, differ-
ent hydrogen isotopes can influence impurity radiation prop-
erties differently by altering plasma temperature, density, and
confinement. Changes in plasma conditions due to isotope
effects may affect impurity excitation, ionization, and radiative
cooling rates. Understanding the hydrogen isotope effect on
intrinsic impurities in tokamak plasmas is crucial for plasma
control, impurity mitigation, and the optimization of fusion
performance. This study is focused on experimental data ana-
lysis and numerical simulations with special emphasis on the
impurity behaviour in the dimensionless and also in dimen-
sional isotope identity experiment to assess for the first time
the effect of plasma isotopes, in JET-ILW D and T L-mode
plasmas. These approaches are crucial for understanding the
fundamental differences and similarities in plasma behaviour
when switching between different isotopes. The dimension-
less approach is essential for theoretical and model valida-
tion, ensuring that plasma behaviour can be understood and
predicted across different scenarios. This approach provides
insights that can be extrapolated to different machines includ-
ing future reactors like ITER, where different isotopes will
be used. It helps in understanding how results from current
experiments might scale to larger or more complex systems.
The dimensional approach is crucial for practical applications.
It allows for a direct comparison of how D and T plasmas
behave under the same machine settings. This is essential
for planning and optimizing actual fusion reactor operations.
It provides data on how a reactor might need to be adjus-
ted when switching from D to T, such as changes in heating
power, fuelling, or impurity management. Both approaches
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together provide a comprehensive understanding of isotope
effects in fusion plasmas. The work aims to determine whether
the differences in impurity behaviour can be explained by dif-
ferences in the plasma properties, impurity source and trans-
port due to the isotope effect. Detailed impurity analyses are
presented for both approaches to disentangle the direct and
indirect impact of different isotope masses. In section 2, both
experimental and numerical modelling results are discussed
for the dimensionless isotope identity experiment. In section 3,
the dimensional isotope identity experiment and the results are
described. Finally, conclusions are given in section 4.

2. The dimensionless isotope identity experiment

The experimental and theoretical analyses were focused on L-
mode discharges performed in D and T plasmas with matched
dimensionless quantities of normalised Larmor radius p*, nor-
malised collisionality v*, normalized beta [y, and safety
factor ¢, in the confinement plasma region, which are defined
by following equations from [7]

pF =4.57 x 1073\/AT;/ (aB,) (D
V' = 171’ Ry Zegrqos 1210 23 Ta' (2)
Bx = BaB./I, @)
B =20 (pe +p1) / B2 “)
q=aB/RoB, &)

where A is mass number, Tj, T.—ion and electron temperat-
ure, a and Rp—minor and major radius, B; and By—toroidal
and poloidal magnetic field, /,—plasma current, n.—electron
density, e—elementary charge, Z.;—effective charge, ggs—
safety factor, ep—permittivity, po—permeability, p. and p;—
electron and ion pressure. The methodology relies on main-
taining invariance to changes in dimensional plasma paramet-
ers, such as density and temperature, while ensuring that the
dimensionless plasma parameters remain conserved [3, 15].
By matching these dimensionless parameters, the goal is to
achieve similarity in the turbulence and transport processes
between D and T plasmas. Any observed differences in trans-
port or confinement can be directly attributed to the isotope
effects. The relations between the dimensionless quantities
and the dimensionless energy confinement time €2; g can be
written according to the equation (6) as in [3, 7, 15]

Qi TE,th ~ (p*—ap ﬁ_aﬂ y*—auy q—aq A—aA B ) . (6)

To keep p*, v*, Bn, q and T./T; profiles fixed when also
varying the isotope mass A, the toroidal magnetic field, plasma
current, temperature and density must scale, respectively, as
Biand I, ~ A%, T ~ A2, and n ~ A [16]. To achieve the
required temperature and density profiles to match the dimen-
sionless quantities in T and D plasmas, NBI power and gas
puff had to be adjusted. The time evolution of main plasma
parameters for the I, and By, for the auxiliary NBI heating
power (Png1), major gas puff rate, line average electron density

(ne1aa), central electron temperature (7(0)), stored diamag-
netic plasma energy (Wgi,) and for the total radiated power
(Pyaq) for D shot #96092 and T shot #100143 are illustrated in
figure 1. A dimensionless isotope mass scaling pair, as it is lis-
ted in table 1, was executed at By = 2.20 T and I, = 1.79 MA
in D plasma and at B, = 2.98 T and I, = 2.44 MA in T plasma
with the NBI power level 0.83 MW and 1.45 MW, respect-
ively. The gas puff modulation technique was exploited as the
additional tool to quantify the electron particle transport as
presented in [7]. For the time intervals at 13—-14 s for the T
pulse and 17-18 s for the D pulse, indicated by the two ver-
tical black lines in figure 1, a good dimensionless D versus T
match was achieved. Kinetic profiles and matched dimension-
less parameters are presented in figure 2. The same time of
interest has been taken for further impurity transport analysis.
In the experiments, the low triangularity, X-point plasmas con-
figuration with the outer divertor strike point on the vertical
target was used (see figure 3). The vertical (tile 7) and hori-
zontal tiles (tile 4, 6) are made of tungsten (W) coated Carbon
Facing Component (CFC). Both the divertor semi-horizontal
tile (tile 5) and the main chamber NBI shine-through protec-
tion plates made of bulk W are the sources of W impurity
in JET-ILW plasmas. Tritium was injected into the machine
vacuum chamber through dedicated tritium introduction mod-
ules (TIMs) [17]. The subdivertor optical Penning gauge dis-
charge spectroscopy [18] was used to measure the hydrogen-
/deuterium/tritium (H/D/T) isotope ratio. The technical details
of the method are described in Vartanian et al [18]. In T pulse
#100143, residual hydrogen and deuterium in the vessel walls,
due to absorption and outgassing, resulted in a measured T
concentration of 98 %. For D shot #96092, a deuterium con-
centration of 99% was measured.

2.1. Plasma radiation and intrinsic impurity analysis of the
dimensionless isotope identity experiment

The bolometry diagnostics [19] was used to measure the total
radiated power (Poq) and the radiated power density. The bolo-
metry data measured along the orange lines of sight illustrated
in figure 3 have been used for the tomographic reconstructions.
The 2D radiation power density map is presented in figure 4.
It can be seen that radiated power density, both in the central
and divertor plasmas is larger in T discharge compared to D
one.

It is to be noted that, unlike D discharges, in the T dis-
charges described in this paper, neon (Ne) at a continuous
gas rate of 1.2 x 10%° el/s during an extended range of the
discharge was injected into the plasmas to improve the qual-
ity of Charge Exchange (CX) data for ion temperature and
rotation measurements. This improvement is achieved through
increased signal intensity, the provision of clear and dis-
tinct spectral lines, and a reduction in background interfer-
ence. Additionally, Ne injection enables more localized meas-
urements and aids in the calibration of diagnostic systems.
Collectively, these factors contribute to more precise and reli-
able plasma diagnostics. Experimental reconstruction of 1-D
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Figure 1. Time evolution of (a) the magnetic field By, (b) plasma current I,,, (c) the NBI heating power Pngr, (d) major gas injection level,
(e) the line average electron density nj.4, (f) the central electron temperature Tc(0), (g) the diamagnetic energy Waia, and (%) the total
radiated power Py,q, for D (blue, #96092) and T (magenta, #100143) discharges. The two vertical black bars indicate the times of interest in

these pulses, at 13—14 s for the T pulse and 17-18 s for the D pulse.

Table 1. The comparison of toroidal magnetic field B, plasma
current I, NBI heating power (Pngi), and ohmic heating (Pgp), for
the D (#96092) and T (#100143) dimensionless isotope mass
scaling pair.

D:#96092  T: #100143
B (T) 2.20 2.98
I, (MA) 1.79 2.44
Pxpi (MW) 0.83 1.45
Pon (MW) 1.26 1.47

profiles of the radiated power density presented in figure 5,
derived from the 2D plots of figure 4 shows higher radiation
peaking for the T pulse.

At JET-ILW the main contributors to the radiated power
Pr.q are high-Z (W) and mid-Z (e.g. nickel (Ni), copper (Cu),
iron (Fe)) plasma impurities. During the performed exper-
iments, a composition of plasma impurities was monitored
using passive VUV spectroscopy diagnostic, known locally as
KT2. The JET VUV SPRED survey spectrometer [20], with
the line-of-sight presented in figure 3 (green horizontal line)
measures spectra in the 100—1100 A wavelength range, with a
spectral resolution of ~5 A. In this spectral region, all mid-
Z metallic impurity elements occurring in the JET plasmas
are registered. The origin of such impurities is described in
detail in [21]. Also, the high number of W transitions fall
in this spectral region therefore, the W unresolved transition

arrays (UTAs) are observed between wavelengths of ~140—
260 A. The UTA observed by KT2 diagnostic is related to the
W-ions W!4t—W3+ [21]. However, to avoid other elements
interfering with lines, alternative measurements of the W
spectrum, proposed in [21], were used. Denoted in the text Iy
was measured by an integration of the VUV spectrum between
wavelengths 176 and 201 A. The background determined
at a wavelength of 142 A was subtracted from the integ-
rated area. The mid-Z element concentrations were determ-
ined based on the method described in detail in [22]. The
quantitative measurement of W concentration was not pos-
sible due to a lack of working XUV, and SXR diagnostics
which were routinely used in JET-ILW before the use of T
fuel [23-26].

Figure 6 shows the comparison of P,q, I, and Ni concentra-
tion (c_Ni) for the time intervals with matched dimensionless
quantities between D and T plasmas. It was found that both
the radiated power, I, and c_Ni were around 2 times higher
in the T discharge with respect to the D one. Concentrations
of Cu and Fe were found to be negligible. The JET-ILW is the
fusion device operating with the Be limiter that protects the
inner and outer first wall. To indicate the behaviour of the Be
source in the main chamber, data from the visible spectroscopy
(KSRA survey spectrometer) with the line of sight presented
in figure 3(a), were analysed. Figure 7 shows the photon flux
of the Be II line measured at wavelength 467 nm. The minima
and maxima observed in the signals are related to the gas puff
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Figure 4. Tomographic reconstruction of the radiated power density
in pulse #96092 at t = 17 s for the D plasmas and in pulse #100143
att = 13.5 s for the T plasmas.
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modulation. It can be seen that the Be source is higher in the D
pulse in comparison to T. As was observed in [27] Be source
at JET-ILW increased with the isotope mass. The temperat-
ures measured by the protection cameras looked at the inner,
outer, and top of Be limiters were similar in both discharges
and reached 600 °C. However, in the dimensionless experi-
ment, the influence of different n. on Be source is observed.
As shown in figure 2, T pulse #100143 has 50% higher elec-
tron density in comparison to D pulse #96092. For higher n,
decrease in Be source is observed. Observations agree with the
analysis presented in [28, 29], where for a specific magnetic
configuration and limited density range the Be effective sput-
tering yield decreases with n.. The reduction of the Be source
in T plasmas can be also explained by the reduction in the heat
load on the Be-limiter due to Ne injection. Thus, in dimen-
sionless experiments, competition between several processes
dictates the final shape of the emission. Different behaviour
of high-Z and mid-Z impurities between T and D plasmas is
related to the isotope effect.
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Figure 6. (a) The total radiated power, (b) I'w, (c) cNi and (d)
divertor radiated power Prad,DW in the time of interest for the T pulse
#100143 (t = 13-14 s) and for the D pulse #96092 (r = 17-18 s).

The presence of Be, Ne and Ni ions in the divertor plasmas
can affect W sputtering. Divertor tiles are exposed to impur-
ity particle fluxes from the main chamber, leading to W sput-
tering, erosion, and deposition processes [30, 31]. The diver-
tor radiated power (Pq,P") presented in figure 6(d), derived
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Figure 7. The photon flux of the Be II line at 467 nm, measured at
the outer poloidal limiter for the T pulse #100143 (t = 13-14 s) and
for the D pulse #96092 (t = 17-18 s).

as the difference between the total and the core radiation,
shows slightly higher radiation in T plasmas. Unfortunately,
the quantitative data of the W divertor source, for vertical
target configurations, used in these experiments, are unavail-
able. This is because the calculation of the W flux based on
the combination of a visible spectrometer and photodiodes is
feasible provided that the strike point position is located on
the semi-horizontal bulk-W target plates known as tile 5. In
other cases, the spectra are dominated by the noise impeding
trustworthy calculations. However, the analysis of the divertor
plate temperature TSYATE, the plasma ion flux flowing to the
target and the electron pressure can provide ideas about pos-
sible W production. Such parameters were measured by the
Langmuir probes (LPs) located in front of the outer vertical
target, as illustrated in figure 3(b). In figure 8, a comparison
of measured TEXATE | the surface flux density, the ion satur-
ation current, which represents the plasma ion flux flowing
to the target, and the electron pressure are presented, for D
and T discharges as a function of the distance along the tar-
get from the separatrix. It can be seen that TYYATE is higher
in D plasmas. In this comparison, all the other parameters
are higher for T plasmas. However, both in D and T plas-
mas the plate temperature is lower than TEMATE < 40 eV,
and according to [27, 32], in L-mode plasmas, W physical
sputtering from the divertor is expected to be dominated by
intrinsic impurity ions and not by hydrogen isotopes, for which
higher temperatures TEMATE > 70 eV is needed. As it is also
shown in [29], in L-mode plasmas, measured W sputtering
yield and energy threshold are comparable for different hydro-
gen isotopes. W sputtering in T due to the higher isotope mass
was only observed on JET in H-modes intra-ELMs, at high
impinging ion energies [27, 32].

2.2. Modelling with the COREDIV code

The dimensionless isotope identity pair was simulated using
the COREDIV code which couples self-consistently the
plasma core with the scrape-off-layer (SOL). A full descrip-
tion of the code is given in [33, 34]. For given the experi-
mentally measured plasma volume average electron density,
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Figure 8. (a) The divertor plate electron temperature, (b) the
surface flux density, (¢) the saturation current and (d) the electron
pressure measured by the Langmuir probes, as a function of
distance along the vertical target from the separatrix for the T pulse
#100143 averaged over time t = 13—14 s and for the D pulse #96092
averaged over time t = 17-18 s.

the toroidal magnetic field, input heating power, and radial
transport coefficients in SOL (Dsor, = 0.15 m? s~!), 1D radial
transport equations were solved for impurity ions, bulk plasma
ions and the electron and ion temperatures in core and 2D in
SOL plasmas. Atomic processes such as ionization, recombin-
ation, excitation, and charge exchange have been included. In
the COREDIYV, the electron and ion energy fluxes are defined
by the local transport model proposed in [35], which repro-
duces a prescribed energy confinement law. The radial impur-
ity transport equation has a simple analytical form:

(‘3an 1

0
F 1 = n .
o Tredr (rg2l'z,j) = S7; @)

where nz; is the particle density of the impurity with atomic
number Z in ion stage j, r is radial coordinate, g; and g;
are matric coefficients, I'z; represents impurity flux. S%; is a
source term representing the production or loss of the impurity
ion. The impurity flux I'z; is defined as:

. dny ;
FZ»] = <_Dimpaill + VimanJ) (8)

where Dipyp is the impurity diffusion coefficient and Vipyp
is the flux averaged impurity convection velocity. The ratio
Vimp/Dimp is a dimensionless quantity that characterizes the
relative importance of convective versus diffusive transport
of impurities in the plasma. This ratio indicates the direc-
tion and strength of the impurity transport. If is positive and
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Figure 9. Comparison of the optimised (@) the impurity pinch
velocity Vimp/Dimp and (b) the impurity convection coefficient Vin,
in D and T plasma.

large, convective transport dominates and impurities are likely
to be transported outwards. If it is negative, impurities are
more likely to accumulate in the plasma core. Transport was
assumed the same for all intrinsic impurities and all their ion-
ization stages. Due to the unavailability of essential exper-
imental data (for example the W concentration along the
plasma radius), the impurity pinch velocity and the impur-
ity convection coefficient were assumed different in D and
T plasmas as presented in figure 9, to numerically recon-
struct the experimental radiation density profile. The change
in the core impurity content was also attributed to changes
in the impurity transport between D and T due to changes
in n, and Te.

For the D pulse, three impurities were considered, Be, W
and Ni. In the T pulse additionally, Ne was also included. The
Ni fluxes (1 x 108 ps~'and 1.4 x 10" ps~!, fortheDand T
pulse, respectively) and Ne flux (6 x 10'® ps~! in the T pulse),
given as a code input, were adjusted to reproduce the exper-
imentally determined concentrations. In the lack of experi-
mental data on the absolute Be fluxes, its input values (2.5 and
0.35 x 10% p s~! for the D and T pulse, respectively) were
set arbitrarily to match Z.¢, W concentration and bolometric
data. It was also considered that the experimental background
level of the Be II line is higher for the D pulse than for the T
pulse (see figure 7). Changes in the input Be fluxes resulted in
changes in the radiated power density profile due to modifica-
tions of the W sputtering caused by Be ions. The W flux was
self-consistently computed from sputtering at divertor targets
by all ions. For the simulations of the D pulse #96092 and T
pulses #100143, the times t = 17 s and t = 13.5 s were selec-
ted, respectively. In figure 10 the experimental electron tem-
perature (T.) and density (n.) profiles from High-Resolution
Thomson Scattering diagnostic (HRTS) and ion temperat-
ure (T;) from Charge eXchange Recombination Spectroscopy
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Figure 10. Experimental electron density (n.) and temperature (7)
profiles, for (a) D pulses #96092 (blue points) att = 17 s, and (b) T
pulse #100143 (magenta points) at 13.5 s and the corresponding

COREDIV computed ne, Te, (black lines) and T profiles (red lines).

(CXRS) are compared with the numerical results. Within
the uncertainties of the measurements, a good agreement
between the experimental and simulated kinetic profiles was
achieved.

In figure 11, a comparison of numerically reconstructed
radiation density profiles are shown together with the exper-
imental values, for the times of interest in the D and T
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Figure 11. The COREDIYV total (black line), nickel (red line),
tungsten (blue line) and neon (green line), radiated power density
profiles for (a) the D pulse at t = 17 s and (b) T pulse at t = 13.5 s.
The stars correspond to the experimental points from the plots of
figure 5.

pulses considered. Additionally, the simulated Ni, W, and Ne
radiation densities profiles are included. Simulations showed
that the Ni radiation in the core plasmas is more than 50%
of the core radiated power. Ne does not influence the plasma
radiation in the confined region. In the whole normalized
plasma radii, the higher Ni and W radiation are observed in T
plasmas in which also stronger impurity peaking in the central
region, r/a < 0.3, is observed. However, looking at the impur-
ity densities presented in figure 12, it is possible to see that
despite higher values for W and Ni densities in T plasmas in
comparison to the D one, Ne density in the core of T plasmas
is the highest. However, the Ne density value is very small in
comparison to n, and we can ignore it as one factor making a
difference between D and T plasma in the core region. Higher
impurity densities in T plasmas result from stronger impur-
ity pinch in T plasma and the inward convective velocity in
the edge region. A good agreement between theoretical and
experimental central values of Ne density was obtained. The
difference in Ne density values between experimental and sim-
ulated data in the range r/a = 0.3-0.7 in figure 12 is related
to different transport for different impurities. Ne transport is
different in the experiment than assumed in the simulation.
This discrepancy may slightly impact W sputtering estimates.
Nevertheless, this would have no impact on the conclusions.
It must be noted that Ne flux at the plasma edge was adjusted
to reproduce the experimentally determined average concen-
trations and higher Ne flux would also require a higher aver-
age Ne concentration. In the simplified slab geometry used in
the COREDIV code [33], the simulated divertor plate elec-
tron temperature (TPLATE) “at the strike point S — Sgep = 0, is
11 eV and 6.25 eV for D and T plasmas, respectively, whereas,
ion density on the divertor plate is 5.05 x 10! m~3 in the
case of D pulse and two times higher value 10.5 x 10" m—3
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Figure 12. The COREDIV nickel (red line), tungsten (blue line) and
neon (green line), density profiles for (a) the D pulse at t = 17 s and
(b) the T pulse at t = 13.5 s. The stars correspond to experimental
Ne density profiles determined from the CX diagnostic.

in T discharge. Simulations are consistent with the LP meas-
urements showing lower values for plate temperatures and
higher values for surface flux density or saturation current in
T plasmas. The simulation results showed that the Be impurity
flux to the divertor is higher in D plasmas, but Ni and Ne flux
to the divertor are higher in T plasmas. Nevertheless, for the
obtained TEVATE, the W sputtering is dominated by Ni and Ne
ions in T plasmas and Be in D plasmas.

3. The dimensional isotope identity experiment

The dimensional isotope identity experiment was performed
in L-mode plasmas by running D (#100580) and T (#100134)
discharges with matched engineering quantities such as mag-
netic field B; = 3.0 T, plasma current /, = 2.5 MA, NBI heating
power with the two steps Pxgr = 3.5 MW and Png; = 1.7 MW,
ohmic heating Pog = 1.5 MW. For the D pulse, the deuterium
concentration of 97% was measured. In the T pulse, the meas-
ured tritium concentration was 97 %. Similar to figure 1, the
time evolution of the main plasma parameters for the dimen-
sional isotope pair is presented in figure 13. The same ver-
tical magnetic field configuration was used as in the case of the
dimensionless isotope identity experiment (see figure 3). The
higher NBI power level, indicated by the time interval at 13—
14 s with the two vertical black lines in figure 13, was selected
for time averaging. Deuterium plasma has more fast particles
from NBI as the D beam yields more particles to obtain the
same NBI power as the T beam. However, it is insufficient to
make Wi, larger in D plasma because the thermal plasma con-
finement is about 10% higher in T plasma. That effect domin-
ates in T plasma over the lower fast ion content. It is consistent
with the detailed transport analysis of thermal particles, which
extends beyond the scope of this work and will be addressed
in a separate publication. The comparisons between kinetic
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Figure 13. Time evolution of (a) the magnetic field By, (b) plasma
current I;,, (c) the NBI heating power Pngr, (d) major gas injection
level, (e) the line average electron density njag, (f) the central
electron temperature T.(0), (g) the diamagnetic energy Wia, and (k)
the total radiated power P4 for D (blue, #100580) and T (magenta,
#100134) discharges. The two vertical black bars indicate the time
of interest in both pulses, at t = 13-14 s.
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Figure 14. Comparison of the main dimensional (ne, Te, T;) and
dimensionless plasma profiles (p*, v*, q, fn) averaged in time
between t = 13-14 s in D (#100580) and T (#100134) discharge as
a function of the normalized radius.

profiles T, T; and n. and the dimensionless quantities in D
and T plasmas are illustrated in figure 14. Unlike in the case
of the dimensionless identity pair, here, the n. and T profiles
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Figure 15. Tomographic reconstruction of the radiated power
density in pulse #100580 for the D plasmas and in pulse #100134
for the T plasmas, for higher NBI power level at t = 13 s and lower
NBI power level at t = 17 s, respectively.
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Figure 16. The flux-surface averaged profiles of the radiated
density derived from the bolometry diagnostic as a function of the
normalised radius for D (#100580) and T (#100134) discharge at
t=13sandt=17s.

inregion r/a > 0.5 are similar for both isotopes. The bolometry
reconstruction presented in figure 15 showed higher radiated
power density in T plasmas in comparison to D plasmas. The
flux-surface averaged profiles of the radiated power presented
in figure 16, show higher values for T plasmas at normalized
radius 0.6 < r/a > 0.9, however in the central part at r/a < 0.5
the opposite trend was observed. This can be explained by dif-
ferent impurity transport and, as it is described later, different
MHD instability behaviour in both discharges. The total radi-
ated power (see figure 17(a)) as well as I, (see figure 17(b))
and c_Ni (see figure 17(c)) are higher in T plasmas.

The divertor radiation presented in figure 17(d) is less sens-
itive to the NBI power and the difference between D and T is
lower in comparison to P,q. In contrary to the dimensionless
isotope identity experiment, for which the influence of n. on
Be source was observed, in the dimensional isotope identity
experiment for the same n., enhanced plasma—wall interaction
(PWI) was observed in T plasmas. The production of neutral
Be atoms in the main chamber depends on the isotope mass.
The photon flux of Be II shown in figure 18, is larger in the
T plasmas than in the D plasmas. It can be seen that the Be
intensity is sensitive to gas puff modulation. The same oscil-
lations are observed in the P,?" (see figure 17(d)). The radi-
ated power, Be, W and Ni content depend on auxiliary heating
and are higher for higher NBI power levels (see figure 17).
In the divertor region closer to the separatrix, similar to the
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Figure 17. Time evolution of (@) the radiated power, (b) Iw, (c) cNi
and (d) the divertor radiated power in the T pulse #100134 and the
D pulse #100580 corresponding to two NBI power level steps.

plate electron temperature, the surface flux density, the sat-
uration current and the electron pressure with the increased
isotope mass were obtained (see figure 19). The discrepancies
in the magnitudes of the parameters shown in figures 19(b)—
(d) and 8(b)—(d), between the D and T plasmas can be attrib-
uted to variations in operational conditions, including plasma
heating, density, and confinement. Additionally, differences
in the physical properties of deuterium and tritium, such as
their atomic masses and reaction rates, play a significant role
in influencing the observed plasma behaviour. The plate tem-
perature suggests that W sputtering in the divertor region is
not related to T or D ions, but related to the Be and Ni. Due to
stronger Be impurity flux to the divertor in T plasmas, the W
sputtering by Be may be dominant in both D and T plasmas,
similar to what was reported in [32].

The central impurity radiation is governed by the saw-
tooth (ST) cycle. Sawtooth oscillations change the behaviour
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Figure 18. Time evolution of the photon flux of Be II line at

467 nm, measured at outer poloidal limiter in the T pulse #100134
and in the D pulse #100580 corresponding to two NBI power level
steps.
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Figure 19. (a) The divertor plate electron temperature, (b) the
surface flux density, (c¢) the saturation current and (d) the electron
pressure measured by the Langmuir probes, as a function of
distance along the vertical target from the separatrix for the T pulse
#100134 and for the D pulse #100580 averaged over time 13—14 s.

of central plasma temperature and density profiles. Therefore,
due to the correlation between a change in MHD activity and
a change in impurity transport [25], the ST can be beneficial
for impurity screening and for minimizing core impurity accu-
mulation. This can be observed in the SXR signal presented
in figure 20, which is registered by the horizontal soft x-ray
cameras with the lines-of-sight presented in figure 3 (magenta
line). Impurity emission increases monotonically between ST
crashes, slowly levelling off towards the end of the cycle. It
can be seen in figure 20(a) that T pulse #100134 is charac-
terised by a slightly longer ST period (100-120 ms) in com-
parison to D pulse #100580 (80-100 ms). The differences in



Nucl. Fusion 65 (2025) 016045

A. Chomiczewska et al

6
higher P #100134(T) | a)
NBI —— #100580 (D)
£ ap et
=
=]
VE VR e W RS RERR Y
527 '
o
=
)]
O 1
13.0 13.5 14.0
time (s)
6 ,
lower P T #100134.(T) | )
NBI —— #100580 (D)
N-E 4 i
=
= ﬂW’W
£af ]
LR il L WUNWON IR I SURL, S
o
=
w
0 !
17.0 175 18.0
time (s)

Figure 20. Soft-x-ray radiation from the central channel in the T
pulse #100134 and in the D pulse #100580 for time intervals with
(a) higher NBI power level and (b) lower NBI power level.

radiated power density between D and T discharges, as shown
in figures 5 and 16 for r/a < 0.3, can be partially attributed
to ST instabilities, which influence impurity redistribution.
Additional factors, including impurity source and transport,
also contribute to the observed disparities. The characterist-
ics of ST instabilities, such as period and amplitude, have dis-
similar behaviours between dimensionless and dimensional
experiments. In the dimensionless experiments, the ST period
ranged from 70-80 ms for the deuterium (D) pulse #96092
(t=17-18s), and 90-110 ms for the tritium (T) pulse #100143
(t = 13-14 s). At very short periods, as in pulse #96092, the
interval between each ST crash is relatively short. This means
that the core plasma is continuously disrupted and quickly
relaxed. This rapid cycling leads to frequent changes in the
plasma’s temperature and pressure profile and the rapid redis-
tribution of heat and particles, which prevents impurities from
settling or accumulating in the core, as they are continuously
pushed outwards from the plasma core to the outer regions
with each instability event. Conversely, when the ST period
is longer, as in pulse #100143, the instability occurs less fre-
quently. This allows impurities more time to accumulate in
the core, as the plasma’s internal dynamics enable them to
remain there longer without being effectively expelled. The
results suggest that there may be an optimum limit where the
frequency can be sufficient to prevent excessive impurity accu-
mulation. The same trend was observed for ST amplitude. The
ST period and amplitude were notably higher in T plasmas
in both experimental approaches. This is in agreement with
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Figure 21. MHD analysis of the T pulse (left) and the D pulse
(right). From top to bottom: total radiated power (green line), NBI
power (blue line), electron temperature at different radii,
spectrogram and toroidal mode number analysis from Mirnov coils.

models that predict the dependence of the ST period on the
isotopic mass [36, 37]. The ST activity, and consequently the
impurity behaviour, is also influenced by gas puff modulation.
In D pulse #96092, the gas puff modulation occurs more fre-
quently than in pulses #100143, #100134 and #100580 with
similar modulation schemes (see figures 1 and 13). When the
amount of gas puff decreases, ST suppression is observed,
leading to a slightly longer ST period. Conversely, when the
amount of gas puff increases, the ST period becomes shorter.
This explains the variation in the ST period ranges across
different pulses. A similar effect has been observed in other
experiments at JET [38, 39]. Additional MHD analysis presen-
ted in figure 21 showed that for lower NBI power, in addi-
tion to the ST precursors and crashes, also a mild (1,1) mode
is observed in #100134 and #100580, as highlighted by the
n = 1 red component in the spectrogram between ST crashes
(see figure 20(a)). For higher NBI power, additionally, the
n = 2 harmonic (the blue component in figure 21(b) at fre-
quency 8 kHz), develops for higher intensity of the inter-ST
n = 1 mode. The internal 1/1 modes can influence transport or
impurity behaviour. As presented in [40], the combination of
helical core and plasma rotation augments the standard neo-
classical inward pinch. However, these effects are observed
mainly in hybrid operation scenario plasmas, without ST activ-
ity. In the analysed pulses the intensity of the 1/1 mode is very
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low, without evident effect on the ST period or the shape of
the electron temperature profiles. Thus, no relevant effect on
transport or impurity behaviour is observed.

4. Conclusions

The dimensionless and dimensional Deuterium Tritium iso-
tope identity experiments were performed at the JET Be/W
wall in L-mode plasmas. A comparison of these two experi-
mental approaches provides insight into whether isotope mass
effects can explain the observed differences in impurity beha-
viours. Results for the low-Z, mid-Z and high-Z impurity
behaviour under such conditions were reported in this paper.
Both experiment types showed higher plasma radiation and
increased Ni and W impurity content in T plasmas com-
pared to D plasmas. This consistency suggests that isotope
mass effects might contribute to enhanced impurity retention
and radiation in T plasmas, with the heavier isotope possibly
playing a significant role. In both dimensionless and dimen-
sional experiments, Ni and W were identified as the main
core radiators. The dimensionless experiments showed pro-
nounced differences in impurity transport, with isotope mass
effects likely contributing to the varying transport coefficients
observed between D and T plasmas. This suggests that the
mass of the isotopes affects how impurities behave within
the plasma core. Diagnostic observations confirmed the pres-
ence of MHD instabilities, including ST. The characteristics of
ST instabilities, such as period and amplitude, had dissimilar
behaviours between dimensionless and dimensional experi-
ments. Other MHD instabilities occurring in the plasmas were
correlated with the NBI power level, which affected impur-
ity behaviour. For higher Pnp; higher Be, Ni and W content
was observed. In the dimensionless experiments, Be influx
was higher in D plasmas due to lower electron density and
stronger Be sputtering. The density difference necessary for
creating the dimensionless match overshadowed the isotope
mass effect on the Be source measured at the limiter. On the
other hand, in the dimensional experiments, T plasmas exhib-
ited a higher Be source, indicating a clear isotope mass effect,
where the heavier T isotope leads to increased Be sputter-
ing. This contrast highlights how isotope mass effects become
more evident in the dimensional approach when comparing
plasmas with similar zn.. The dimensionless experiments indic-
ated that W sputtering in the divertor region was primarily
driven by Ni in T plasmas and by Be in D plasmas, with min-
imal contribution from hydrogen isotopes. However, in the
dimensional experiments, the Be impact on W sputtering was
stronger in T plasmas, suggesting that isotope mass effects
are more significant in the dimensional approach, particularly
in influencing overall impurity interactions. Higher divertor
plate temperatures, than those measured in both experiments,
are needed for W sputtering by D or T. Results described in
this paper experiments demonstrate that the impurity release
can differ significantly depending on the hydrogen isotopes
and the plasma properties. The comparison of dimensionless
and dimensional isotope identity experiments indicates that

isotope mass effects significantly influence impurity behaviour
in D and T plasmas. These effects are more apparent in
the dimensional approach, where mass-related differences in
sputtering, transport, and impurity content become more pro-
nounced, providing a deeper understanding of how different
isotopes impact plasma properties.
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