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Abstract
The JET baseline scenario performances of the recent Deuterium–Tritium campaigns performed
in 2021 (DTE2) and 2023 (DTE3) have been studied using the TRANSP code. This study
focuses on the performance dependence on kinetic plasma parameters, emphasising the
differences between the JET pulse #99512 from DTE2 and its counterpart JET pulse #104661
from DTE3. The auxiliary heating system in JET pulse #99512 did not operate at its full
capacity, whereas in JET pulse #104661, it was possible to achieve additional 5.8 MW (∼25%).
However, the expected enhancement in neutron production was not achieved. Detailed
simulations reveal that the underperformance is due to a different combination of plasma
dilution by impurities and main ion mixture compared to the conditions obtained in JET pulse
#99512. The study demonstrates that a comprehensive modelling approach, integrating impurity
effects and main ion composition, is essential to accurately reproduce the experimental neutron
yield. The findings highlight the significant influence of spatial isotope distribution on neutron
production, providing critical insights for optimizing performance in future fusion devices,
including ITER.

a See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET Contributors.
b See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
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1. Introduction

Research aimed at identifying a scenario capable of sustain-
ing high fusion power, in anticipation of building increasingly
more advanced experiments, is essential today. This research
is made possible through intensive Deuterium–Tritium (DT)
experimental campaigns on the JET tokamak device, where
multiple scenarios are tested. Analysing the results makes it
possible to determine which scenarios are the most efficient
and high-performing.

The baseline scenario is one of the most extensively stud-
ied configurations to achieve sustained high fusion perform-
ance. This scenario features a high plasma current (Ip) and
toroidal magnetic field (Bt), for reaching optimal confinement,
characterized by high pedestal pressure and low collisionality.
Furthermore, with the proper positioning of the divertor leg,
a combination of edge-localized mode (ELM) pacing pellets
and minimal gas injection can effectively reduce the density
at the plasma separatrix, optimizing plasma performance in
terms of energy confinement [1]. The work presented in this
article focuses on the baseline scenario from the most recent
DT campaigns at JET [2].

In the first JET DT experimental campaign in 1997 (DTE1)
[3, 4], the first wall was made of carbon (C), and the max-
imum available power from the Neutral Beam Injector (NBI)
was 24 MW, while the power from Ion Cyclotron Resonance
Heating (ICRH) was 6-8 MW. This configuration demon-
strated that stationary high-performance plasmas could be sus-
tained, achieving 4 MW of fusion power for 5 s in a stationary
type-I ELM H-mode plasma.

Before the start of the second DT campaign in 2020-21
(DTE2), significant upgrades were made: in 2011, to pre-
vent the high retention and erosion rates of carbon, the wall
was replaced with Beryllium (Be, Z= 4), and the divertor
with Tungsten (W, Z= 74) [5]; the maximum NBI power was
increased to∼34MW and the ICRH power to 6–8MW. Given
their significance in this work, among the various diagnostics,
we specifically highlight the 235U fission chamber detectors
[6, 7]. In particular, these detectors are insensitive to neut-
ron energy and capable of measuring neutron emission rates
ranging from 1010 to over 1020 neutrons per second. The pre-
cise calibration of neutron detectors is crucial for accurately
determining the time-dependent absolute fusion power pro-
duced in these plasmas. Owing to these advanced calibration
procedures, which require detailed neutron transport calcula-
tions and dedicated plasma calibration discharges, the total
uncertainty is below ∼10% [7–9].

As a result of these upgrades and the expertise gained
and modelling efforts in preparation for the DTE2 campaign

[10], it was possible to demonstrate a sustained high fusion
power (Pfus) obtained in various scenarios, reaching the world
record of Pfus over 10 MW for 5 s and generating 59 MJ of
fusion energy in one plasma pulse [11]. This outstanding res-
ult was obtained in the so called non-thermal scenario, a vari-
ation of the hybrid scenario, designed to maximize the fusion
rate of the beam-target (energetic ions hitting the thermal
plasma ions).

Based on the lessons learned and the open issues from the
DTE2 campaign, in 2023 the third DT JET campaign was
conducted, named DTE3 [12, 13]. The goal of DTE3 was to
support key physics and technological aspects for ITER and
DEMO [14] and as a secondary goal to complete DTE2 exper-
iments. One of the key differences between the two campaigns
concerns the change in the neutral particles injected by the
NBI: in the previous campaign a 50–50 DTmixture was injec-
ted, whereas in DTE3, only D neutrals were injected as sug-
gested in [15], thus mimicking the ITER isotope choice for its
NBIs.

In particular, this paper focuses on comparing and analys-
ing the experimental data obtained from the baseline scenario
at 3 MA of plasma current conducted during DTE2 and its
continuation in DTE3. The goal is to understand the effects
of the modifications made in DTE3 compared to the previous
campaign, evaluating their impact on key plasma parameters,
particularly the neutron rate (more sensitive to core perform-
ance), plasma stored energy, and confinement time.

1.1. Comparison of JET baseline scenario pulses: 99512 and
104661

To this aim, we specifically focused on the JET JET pulse
#99512 from DTE2 and its counterpart in DTE3, JET pulse
#104661. The latter is a closer engineering match of the DTE2
pulse with an increase in T gas puffing for compensating the
pure D-NBI fuelling. Additionally, the total external heating
power available is higher, as shown in figure 1. Both NBI
and ICRH power have achieved an increase of approximately
4.5 MW and 1.3 MW, respectively, as reported in panels (a)
and (b).

Both pulses are characterised by an ELMy (non-type I)
H-mode scenario with beta normalised (βN) values between
1.9 and 2. Plasma is affected by regular sawtooth occur-
rence in the core, with pellet-paced ELM frequencies in the
40 Hz range. The Ip is approximately 3.0 MA as reported
in panel (c), and Bt between 2.8 and 2.9 T. The sub-divertor
optical gas analyser (KT5P) [16] measured the isotope frac-
tions, defined as the ratio between the Tritium density (nT)
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Figure 1. Comparison of the plasma main parameters time traces between DTE2 JET pulse #99512 (red line) and DTE3 JET pulse #104661
(blue line). The vertical black dashed lines delimit the time interval analysed in this paper—Panels (a): the power of Neutral Beam Injector
(NBI); (b) the power of Ion Cyclotron Resonance Heating (ICRH); (c) the plasma current (Ip); (d) the isotope fractions of T in solid line,
and D in dotted line; (e) the interferometric measurement of the line-integrated density passing through the central part of the plasma; (f )
the electron temperature (Te) measured by the fast ECE diagnostics; (g) the ion temperature (Ti), measured by CXRS diagnostics; (h) the
neutron rate measured by fission chamber detectors.

or the Deuterium density (nD) and the total hydrogenic spe-
cies density (nT+nD+nH). The pulses have a comparable iso-
tope fraction (around 50D:50 T), as shown in panel (d). The
electron density (ne) in panel (e), measured by the interfero-
meter, is similar in the two pulses. The ion temperature (Ti)
in panel (g), measured by Charge-eXchange Recombination
Spectroscopy (CXRS) diagnostics, is also comparable. An
average 15% increase in the electron temperature (Te) in panel
(f ), measured by fast Electron Cyclotron Emission (ECE) dia-
gnostics, is observed in JET pulse #104461. This behaviour
is consistent with expectations, as a greater amount of heat-
ing power is injected in this pulse. Moreover these two pulses
feature similar magnetohydrodynamics (MHD), as reported in
figure 2.

The higher external heating power in JET pulse #104661
(+4.5 MW from NBI and +1.3 MW from ICRH power com-
pared to JET pulse #99512) is expected to enhance perform-
ance. On the other hand, a comparison of the experimental
neutron rate shows similar measurements, as reported in panel
(h), indicating that the DTE3 pulse is underperforming relative

to expectations. The close comparison between the JET pulse
#99512 and #104661 presented in this work will be focused
on the time interval [9, 11] s, where the two discharges are in
steady state condition.

1.2. Paper structure

This paper is structured as follows: section 2 describes the
preparation of the input data required to run the simulations,
with a particular focus on the fitting of the plasma kinetic
profiles and equilibrium reconstruction. Section 3 presents
the results of the TRANSP interpretative simulations for JET
pulse #99512 (DTE2) and JET pulse #104661 (DTE3). While
the simulation of JET pulse #99512 shows good agreement
with experimental measurements, the simulation of JET pulse
#104661 reveals a significant discrepancy between the neut-
ron rate calculated by the code and the experimentally meas-
ured value. Section 4 analyses the potential causes of these dif-
ferences and quantifies their relative contributions to the final
result. To confirm the robustness of the approach, the same
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Figure 2. JET pulse #99512 (red lines) and JET pulse #104661 (blue lines). From top to bottom: normalised beta, amplitude of core n= 1
MHD activity (fishbones and continuous modes), amplitude of n= 3 tearing modes, amplitude of n= 4 tearing modes.

analysis was applied to JET pulse #104461, another DTE3
baseline pulse. Finally, sections 5 and 6 present the discussion
of the impact of the equilibrium reconstruction on the outcome
and conclusions, respectively.

2. Input data preparation and equilibrium
reconstruction

The main numerical tool for the present analysis is the
TRANSP code [17, 18]. The kinetic plasma profiles at each
time step are provided as input to the code to perform high
accurate interpretive analysis. The natural radial coordinate
for TRANSP is the square root of the normalised toroidal flux
(ρtor), which reads 0 at the magnetic axis and 1 at the separatrix
[19]. The main kinetic profiles electron density (ne); electron
temperature (Te); ion temperature (Ti); and plasma angular
rotation (ω) are fit against the experimental data. The main
diagnostics involved are the high-resolution Thomson scat-
tering (HRTS) [20] for ne and Te; the LIDAR [21] data for
the ne in the core region; the lithium beam emission spectro-
scopy (Li-BES) for the ne in the edge region; and the CXRS
diagnostics [22–24] for Ti and toroidal rotation ω in core and
edge regions. In the simulations performed in this study, the
equilibrium is fully prescribed in the TRANSP code. The

EFIT++ [25] computes the equilibrium, considering the mag-
netic measurements and the total plasma pressure. To cor-
rectly calculate the total pressure profile, NUBEAM [26] com-
putes the fast ion pressure in a preliminary TRANSP run on
the same pulse. In NUBEAM, a fast ion is defined as an ion
whose energy exceeds 1.5 times the thermal ion temperature.
The experimental data are then mapped on the new equilib-
rium and fits are calculated, to be input in TRANSP, along-
side the full equilibrium itself. This procedure can be iterated
several times seeking convergence, although two iterations are
usually sufficient to reconstruct a consistent equilibrium [27].
Figure 3(a) shows the comparison between JET pulse #99512
(red solid line) and JET pulse #104661 (blue solid line) in
terms of the location of the flux surfaces obtained from the
equilibrium reconstruction based on magnetic probe measure-
ments, including the total plasma pressure (sum of the bulk
thermal and fast particle pressures, as computed by TRANSP).
It is crucial to correctly position the flux surfaces, taking into
account the significant contribution of the fast ion pressure, in
order to accurately fit the kinetic plasma profiles. Moreover,
the equilibrium that includes the TRANSP pressure (EFTP)
is compatible with a Te at the separatrix (Te(ρ= 1)) of about
100 eV, whereas the misalignment in the separatrix location in
the magnetic-only reconstruction provides a Te(ρ= 1) in the
range of 10–20 eV.
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Figure 3. (a): he comparison between JET pulse #99512 (red) and JET pulse #104661 (blue) of the equilibrium reconstruction based on
magnetic probe measurements, including the total TRANSP pressure (thermal + fast particles), at t= 10.0 s. In (b)–(e), the fits and
measurements of the kinetic quantities are used as input for the TRANSP simulations. The fits are shown as solid lines, and the
measurements are represented by empty symbols: red for JET pulse #99512 and blue for JET pulse #104661. The fits and the measurements
are averaged over the time interval [9,11] s. (b): electron temperature (Te); (c): ion temperature (Ti); (d): electron density (ne); (e): plasma
toroidal rotation (ω).

The fits are constructed using a combination of polyno-
mial functions for the core region and hyperbolic tangent func-
tions for the pedestal region. The figures 3(b)–(e) show the
fits as solid lines and the measurements as empty symbols, of
JET pulse #99512 in red and of JET pulse #104661 in blue.
The fits and the measurements shown in the figure are aver-
aged over the time interval [9,11] s. It is important to note
that, in both cases, the ne data are reduced to account for
the cross-calibration between the HRTS diagnostics and the
interferometer [27]. As mentioned, the DT plasma composi-
tion is based on measurements of KT5P located in the sub-
divertor plenum. In the absence of additional information, the
relative fraction of hydrogenic species measured in the sub-
divertor is assumed to remain constant throughout the spa-
tial profile of the plasma, considering the fast isotope mixing
process [11, 28, 29].

3. TRANSP analysis

3.1. Interpretive TRANSP simulation of JET pulse #99512
from the DTE2 campaign

The analysis of the baseline pulse 99512 from the DTE2
campaign is performed using TRANSP in interpretive mode.
The EFTP equilibrium is reconstructed using EFIT++ with
the total plasma pressure from NUBEAM. For the data input

preparation, the isotope mix is established around 50D:50 T,
in agreement with the KT5P diagnostics.

The typical concentrations of the impurities used in the pre-
vious analysis on the JET experimental campaigns [30, 31]
are as follows: Beryllium (Be, Z= 4) provides about 10−2 of
the electron density, Nickel (Ni, Z= 28) around 10−4, and
Tungsten (W, Z= 74) around 10−5 as order of magnitude. Be,
given its higher concentration and lower atomic number, is
the species that primarily dilutes the plasma. Since the radi-
ation is taken from measurements (and not self-consistently
computed in the simulations) and considering the low dilu-
tion effect of W, the impurity mix used in the TRANSP sim-
ulations in this paper consists only of Be and Ni. In our
simulations, the Be density is used as a proxy for all low-
Z impurity density, while the Ni density serves as a proxy
for all medium-Z impurities. The Be density (nBe) is defined
by prescribing a radially constant Be concentration (cBe =
nBe/ne). In the TRANSP simulations for JET pulse #99512,
a value of cBe = 1% was adopted, while the Ni concentration
(cNi = nNi/ne) 5 · 10−4 is set, providing Zeff ∼ 1.5, being the
value similar to that taken from the bremsstrahlung visible
spectroscopy [32].

The results of each simulation are then compared with inde-
pendent experimental quantities (e.g. plasma stored energy
(WMHD) [33], βN, neutron rate, interferometer data, etc) to
assess the quality of the run [27]. The total plasma stored
energy in EFIT++ is defined as
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Figure 4. Comparisons, for the JET pulse #99512, between the experimental measurements (grey line with its confidence interval) and the
TRANSP calculations (black line). (a): plasma stored energy (WMHD); (b) displays the Line Integrated electron Density (LID) passing close
to the magnetic axis; (d) Neutron rate measurement and the TRANSP calculation, whit the differentiation between the types of neutrons
produced by various ion interactions (BT = blue line, TH = yellow line, BB = green line).

WEFIT++
MHD =

3
2

ˆ
pexpdV (1)

where pexp is the fitted pressure profile obtained from the equi-
librium reconstruction or, in our case, computed by TRANSP.
From TRANSP, WMHD can be computed as

WTRANSP
MHD =Wtherm +

3
4

(
Wfi⊥ + 2Wfi∥

)
+ 2Wψ (2)

where Wtherm, Wfi⊥, Wfi∥ and Wψ, represent the energy
contributions from thermal pressure, fast-ion perpendicular
pressure, fast-ion parallel pressure, and toroidal rotation,
respectively [33]. Figure 4 reports the consistency checks for
the simulation of this pulse, where the experimental meas-
urements and EFIT++ calculation are shown as grey dot-
ted lines and the quantities calculated by TRANSP as black
solid lines. In figure 4(a), the WMHD calculated by EFIT++
and the value calculated by TRANSP are in agreement within
the confidence interval. The same pressure profile (computed
by TRANSP) is used in both cases. Therefore, the minimal
discrepancy between the two WMHD values further confirms

that the equilibrium iteration process has successfully con-
verged. In figure 4(b), the comparison between the inter-
ferometric measurement of Line Integrated electron Density
(LID), passing close to the magnetic axis, and the synthetic
TRANSP LID calculations is shown. Due to the reduction
applied to the ne fit, the measurement and TRANSP calcula-
tion of LID are in good agreement, within a 5% confidence
interval. In figure 4(c), the good agreement between the exper-
imental and the TRANSP calculated neutron rate is shown,
where the discrepancy results within the confidence interval
of the experimental measurement. The trend of the TRANSP
neutron rate result is in qualitative and quantitative good agree-
ment with the time trace.

TRANSP allows the differentiation between the channels
for fusion neutron production: thermal ion interactions (bulk-
bulk, TH), fast-thermal ion interactions (beam-target, BT),
and fast-fast ion interactions (beam-beam, BB). In the same
figure 4(c), it can be seen that about one-quarter of the total
neutrons come from TH reactions (yellow line), whereas the
majority of neutrons (three-quarters) are produced by the BT
reactions (blue line). The BB contribution accounts for less
than 2% (green line).
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Figure 5. The TRANSP results after modifying the JET pulse #99512 simulations with only the DTE3 NBI configuration – (a): Average
neutron rate versus the NBI power. The full dots represent the TRANSP simulation and the open dots represent the experimental values; (b)
Neutron rate evolution in time for each extrapolation.

It is important to note that the DTE2 baseline pulses at
3.5MA show a higher TH fraction, up to 50% of the total yield
[27]. This means that, for the 3.0 MA pulse under analysis, the
BT channel has a significant impact on the final neutron yield.

3.2. Extrapolation of JET pulse #99512 to DTE3 machine
configuration

The comparison between the JET pulse #99512 simulation and
the modified one to resemble the DTE3 NBI setup, provides
information on the reliability and robustness of the modelling
approach in describing the experimental behaviour of high-
power baseline pulses.

Figure 5 shows the results of the TRANSP simulations done
modifying the DTE2 setup toward the possible configurations
available in the DTE3 campaign. The change of the NBI spe-
cies and increase of the input power are separately introduced,
in order to assess the relative weight of each modification. As
shown in figure 5(a), changing the isotope composition of the
NBI, from DT mix (50–50) to only D, without increasing the
input power, would be expected to an increase in the neutron
rate by about 25%. This behaviour is due to the more cent-
ral deposition of the D beam, compared with the T beams and
to the higher velocity of the D fast ions, which enables larger
neutron production [15]. By increasing the NBI power from
the quantity used in JET pulse #99512 (23.8MW) to the power
available in the DTE3 campaign (28.3 MW), the neutron rate
increases linearly, becoming 40% larger than the JET pulse
#99512 performances, as reported in figure 5(b). This result
is in line with what is seen in the DTE2 experimental power
scan [27].

It is important to note that the simulations extrapolated at
the highest input power do not include any effects of the kin-
etic profiles, plasma composition, impurity levels, and ICRH
power relative to the DTE3 baseline pulses. Only the increased

fast ion population, due to the larger NBI power, is included.
Therefore, we then expect that, by considering the correct
input for the kinetic profiles, ICRH power, and other relevant
parameters, the performance of the actual experimental plasma
should be higher.

3.3. Interpretive TRANSP simulation of JET pulse #104661
from the DTE3 campaign

To ensure a fair comparison between JET pulse #99512 and its
DTE3 counterpart, JET pulse #104661, a consistent prepara-
tion of input data and equilibrium reconstruction is essential
to avoid any spurious effects introduced by differing proced-
ures. In figure 3, the comparison of the averaged kinetic pro-
file fits (ne, Te, Ti, and ω) between DTE2 JET pulse #99512
and DTE3 JET pulse #104661 has been already shown. The
input profiles, obtained from the experimental fits of the two
pulses examined, are comparable to each other. The JET pulse
#104661 features a larger core Te than JET pulse #99512, as
a consequence of the increased input power. The Te pedestal
width of JET pulse #104661 turns out to be consistently larger
than that of JET pulse #99512. Also, the ne is slightly higher,
while ω is comparable.

In JET pulse #104661, despite the good agreement between
fitted profiles and experimental data a significant discrepancy
in the neutron rate is reported in figure 6(c), with TRANSP
overestimating the neutrons by 80%, while the other control
parameters shown in figures 6(a) and (b), respectively WMHD

and LID are consistent with the experimental measurements.
The inconsistency between the calculation and the meas-

ured absolute value of the neutron rate indicates that one or
more physical phenomena contributing to the performance
reduction were not properly modelled. In particular, the over-
estimation of the neutron rate can be due to both thermonuc-
lear and beam-target channels. This section aims to analyse the
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Figure 6. Comparisons, for the JET pulse #104661, between the experimental measurements (grey line with its confidence interval) and the
TRANSP calculations (black line). (a): plasma stored energy (WMHD); (b) displays the Line Integrated electron Density (LID) passing close
to the magnetic axis; (c) neutron rate measurement and the TRANSP calculation, with the differentiation between the types of neutrons
produced by various ion interactions (BT = blue line, TH = yellow line, BB = green line).

possible causes of such differences and quantify their relative
contribution to the final result.

4. Key parameters influencing the fusion
performance

In our TRANSP interpretative simulations, some input quant-
ities are well-diagnosed (as the plasma equilibrium and the
kinetic profiles), while others (impurities, hydrogenic isotope
fractions) have greater uncertainty or rely on numerical com-
putation (fast ion density). In particular, we aim to study the
sensitivity of the TRANSP neutron calculation for the JET
pulse #104661 to the dilution effect caused by impurities, as
well as the impact of D beams on the core isotope mix. To
study the effects of these changes on the neutron rate calcu-
lation, it was necessary to perform a scan for each parameter,
introducing gradual changes starting from small perturbations
up to significant variations in the result. Furthermore, this
sensitivity study on key parameters, which are difficult to
measure accurately, also helps to establish upper and lower
limits where excessive variations in the parameter affect other
independent measurements (e.g. a too large dilution will spoil
the agreement with the WMHD above the uncertainties on that
quantity).

4.1. Dilution scan

The impurity mixes tested must be compatible with the exper-
imental electron density and a plausible Zeff. The reference
effective charge value Zeff is taken from the bremsstrahlung
visible spectroscopy, but since such diagnostic provides only
indications due to calibration issues, a parametric scan of the
Zeff has been performed to overcome such limitation. To assess
a wide range of Zeff, a scan of±20% and±10%was performed
around the reference value Zeff ∼ 1.65, taken from the meas-
urement. Exploiting a simple model for plasma radiation [34],
the experimental radiated power (10.4 MW) provides a pos-
sible estimate of the concentration of W and Ni. Assuming
that W (⟨ZW⟩= 40) accounts for approximately 90% of the
total radiated power, while the remaining 10% is attributed
to Ni (⟨ZNi⟩= 28) [35], it turns out that the cW and cNi are
respectively 6 · 10−5 and 1.3 · 10−4. Given these concentra-
tions, the Zeff contribution from mid and high Z impurities is
∆ZW,Nieff = 0.2. This implies that the contribution from low-Z
impurities corresponds to the difference between the scanned
Zeff value and ∆ZW,Nieff . Assuming Be as a proxy for low-Z
impurities in our simulations, each Zeff value in the scan is
associated with a specific Be concentration (cBe). In this work,
we focus on the sensitivity of plasma performance to dilution,
which, as previously mentioned, is primarily driven by low-Z

8
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Table 1. Range of the tested Zeff values and corresponding Be concentrations (cBe).

Zeff cBe [%]

1.32 1.0
1.49 2.4
1.65 3.8
1.82 5.2
1.98 6.5

Figure 7. Effects of variations in Be concentration (cBe) = 1%, 2.4%, 3.8%, 5.2%, 6.5% and 8.5% for the JET pulse #104661. (a):
time-averaged Be density profile, starting from the simulation, as in the reference case, with cBe = 1% (black solid line) and then cBe =
2.4%, 3.8%, 5.2%, 6.5% and 8.5%, respectively shown with red, blue, yellow, grey and brown solid lines. This colour scheme will be
maintained throughout all figures; (b) the time averaged density profile between 9 and 11 s illustrates the variations in the T density (nT,
solid line) and D density (nD, dashed line) profiles resulting from the dilution effect caused by the increased cBe; (c) shows the neutron rate
time traces for these simulations comparison with the measurement (grey dotted line) with its confidence interval (±10%); (d) reports the
WMHD calculated from TRANSP (solid line) and the measurement (grey dotted line) with its confidence interval (±10%).

impurities. It is worth noting that evidence from physical test-
ing of beryllium cladding erosion rates [36] supports the hypo-
thesis of a possible level of beryllium contamination in the
plasma.

The light impurity density directly affects the neutron rate
calculation via the dilution of the bulk ions (D and T), redu-
cing both the thermonuclear and the beam target channels. It
also affects the beam penetration, but this effect is mild com-
pared to the dilution. It is important to highlight that in our
interpretive calculation with different impurity mixes, the self-
consistently calculated radiated power does not affect the neut-
ron rate because the electron temperature profile is set as input.

The analysed Zeff values and their corresponding cBe are
reported in the table 1. In addition, a further test with Zeff =

1.98 was carried out: in such run Be is imposed as being the
only impurity present in the plasma. Although this assumption
is not physically achievable, (e.g. the observed radiation power
is not justified by only Be as impurity) it provides an estim-
ate of the upper boundary for the dilution effect on neutron
yield. Under this assumption, the level of cBe becomes approx-
imately 8.5%. Figure 7(a) shows the Be density profiles. The
simulation with cBe = 1%, as in the reference case, is shown
by the solid black line. The others coloured solid lines (red,
blue, yellow, grey and brown) represent the simulations with
cBe of 2.4%, 3.8%, 5.2%, 6.5% and 8.5%, respectively. This
colour scheme is maintained throughout the figure. Figure 7(b)
shows the variation in the nT (solid line) and nD (dashed line)
profiles due to the dilution caused by the increased cBe. In the
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most extreme dilution case (brown line), the D and T concen-
trations (nD/ne, nT/ne) are lowered by almost 15% for both ion
species.

The reduction of nD and nT also leads to a reduction in the
neutrons produced, as shown in figure 7(c). The average dis-
crepancy between the measured and calculated neutron yield
decreases from 80% in the reference simulation to 26% in the
case of cBe = 6.5%. Agreement with the measurements can
only be achieved in the case of maximum, albeit unlikely, dilu-
tion (cBe ∼8.5%). Further effects need to be investigated to
explain the discrepancy between the experimental measure-
ments and the simulations.

4.2. D and T density profiles assuming D core accumulation

In the interpretative simulations of JET pulse #104661, the D
and T ion profiles are reconstructed based on the KT5P dia-
gnostic assuming a fast isotope mixing process [11, 28, 29]
which implies an isotope fraction constant along the radius.
Such an assumption, despite the different particle fuelling
channels for D (with beam + gas puffing) and T (with gas
puffing only), leads to flat D and T concentration profiles.

The DTE3 experiments, with only a D source in the plasma
core, can be prone to develop a different behaviour, with a
radial shaped of the profile obtained from the ratio of the D and
T profiles. To quantify such an effect, we used a model that,
according to ion transport and sources, predicts the radial pro-
files of D and T. The JINTRAC [37] suite of codes, equipped
with the first-principle based transport model QuaLiKiz [38],
allows for predicting the deuterium density evolution, the tri-
tium density evolution, the electron temperature and the ion
temperature including the evolution of the impurity dens-
ity profiles and the plasma current density. In this model-
ling framework the boundary conditions are imposed at the
separatrix and the different fuelling channels for D and T
can be modelled as gas puffing, pellets, and NBI injection.
Predictive JINTRAC-QuaLiKiz simulations have been per-
formed in order to obtain a first assessment of the particle
sources and of the effect of transport on the main ion spe-
cies in DTE3 [35]. However, the iteration between JINTRAC
predictive and TRANSP interpretative simulations is needed
to evaluate the effect of main ion concentration gradient on
the actual experimental data. Previous work [39] has valid-
ated this modelling approach on JET baseline experiments,
while the modelling of the different fuelling channels has been
used for the design of the JET baseline fuelling scheme and
for the verification of the model predictions on actual DTE2
data [40]. It is important to note that only the concentration
is extracted from JINTRAC-QuaLiKiz to avoid any spurious
effect due to the differences between the modelled profiles and
the actual measurements. In those predictive simulations, the
isotope ratio (D/T) at the edge is fixed according to residual
gas measurements, whereas the internal radial profiles evolved
according to the particle sources and transport. Since the total

number of hydrogenic atoms is not changed, but only their
relative magnitude, the WMHD calculated by TRANSP is not
affected by this modification and remains in agreement with
the corresponding measurement within its confidence interval
(±10%).

With JINTRAC-QuaLiKiz predictive runs, combined
with the SANCO-ADAS [41, 42], it is also possible to
predict the impurity concentrations of Be, Ni, and W.
Simulations performed with TRANSP, where D, T, and
impurities were taken from JINTRAC, were compared
with simulations in which D and T were computed by
JINTRAC and impurities were set as constant radial con-
centrations. The latter approach, although simpler, did not
show significant discrepancies with the previous one in
terms of dilution effect. This indicates that the assumption
of flat concentrations of Be and Ni is consistent with the
impurity transport calculations performed by JINTRAC.
Therefore, in the subsequent analysis, we adopt this
simplification.

Figure 8 compares the reference simulation and the sim-
ulation where the ion profiles are taken from the JINTRAC
predictive run, represented by two solid lines in black and teal,
respectively. Figure 8(a) shows the time averaged density pro-
file of nT (solid line) and nD (dashed line), highlighting a flat
tritium profile in the range [0, 0.5]. Figure 8(b) illustrates the
isotope fractions’ average in the same time range. The max-
imum variation in the nT radial profile occurs in the range
[0, 0.5], where its isotope fraction decreases from approxim-
ately 52% in the reference case to about 40% in the predicted
case. At the edge, the predicted profiles match the KT5Pmeas-
urements. A similar trend, but in the opposite direction, is
observed for the nD profiles. Figure 8(c) presents the neutron
rate time traces for these simulations, comparedwith themeas-
urement (grey dotted line) and its confidence interval (±10%).
A 30% reduction in the discrepancy between the measurement
and the TRANSP calculation is observed, leading to a calcu-
lated neutron rate that remains 50% higher than the measured
value.

Using the JINTRAC predicted ion profiles, the most
affected neutron yield channel is the BT, which shows a 20%
decrease in the [0,0.4] ρ region. A marginal effect is also
observed on the TH channel, with a 2% reduction compared
to the reference simulation. The imbalance in the main ion
mixture in the innermost regions, where neutron production
is highest, has a significant impact on the neutron rate. The
high NBI heating power combined with the high plasma dens-
ity ensures that the primary neutron production mechanism is
the BT reaction, while the BB contribution remains negligible,
being 4 orders of magnitude lower than the BT term in these
experiments.

Using only the isotope imbalance effect, a good agree-
ment with the experimental neutron rate can be recovered only
by assuming a non-realistic isotope fraction of approximately
30% T and 65% D.
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Figure 8. Comparison, for the JET pulse #104661, between the reference (black line) and the simulation with predicting the nT and nD
radial profile (teal line). (a): Comparison between the time averaged nT (with solid line) and nD (with dashed line); (b): displays the isotope
fractions average in the same time range; (c): shows the neutron rate time traces for these simulations comparison with the measurement
(grey dotted line) with its confidence interval (±10%).

4.3. D accumulation effect combined with plasma dilution by
impurities

In the two previous paragraphs, the dilution effect and the
use of predicted ion profiles were analysed. For both cases,
considered separately, their impact on the calculation of the
neutron rate time profile is not sufficient to match the experi-
mental data. In this paragraph, we combine those two effects.
Neglecting the case with the maximum dilution cBe = 8.5%
(which is not realistic), we consider the cases with cBe = 1%,
2.4%, 3.8%, 5.2% and 6.5%, along with the predicted D and
T ion profiles.

In figure 9, a comparison is shown between the cases of
predicted nD and nT radial profiles with different levels of dilu-
tion. Five dilution levels are considered: cBe = 1%, as in para-
graph 4.2 (teal lines), 2.4% (gold lines), 3.8% (pink lines),
5.2% (orange lines) and 6.5% (cyan lines). The plots compare
the radial ion profiles (figure 9(a)) and the neutron rate evolu-
tion (figure 9(b)). The average value of nT/ne decreases from
the reference value of 36% to 33% for cBe = 2.4%, 30% for
cBe = 3.8%, 28% for cBe = 5.2% and 25% for cBe = 6.5%.
These significant reductions of core T concentration lead to a
marked decrease in the neutron yield. The simulations using

predicted ion profiles and the cBe = 3.8% (Zeff = Zeff), 5.2%
(Zeff = Zeff · 1.1) and 6.5% (Zeff = Zeff · 1.2) result in neutron
rate within the experimental confidence interval.

4.4. Interpretive TRANSP simulation of JET pulse #104461
from the DTE3 campaign

To further support the generality of the results obtained, a sim-
ilar analysis was performed on JET pulse #104461, which is
another counterpart of JET pulse #99512 within the DTE3
campaign. In this pulse at 9.8 s, a sawtooth crash occurs, lead-
ing to a temporary degradation of the performance until 10.2 s,
when a recovery is observed. So the time interval between 9.8
and 10.2 s is excluded from the comparison between simula-
tion results and experimental data for JET pulse #104461. In
figure 10, a scan was performed to assess the effect of dilu-
tion (figure 10(a)), and the impact of using predicted ion pro-
files (teal line in figure 10(b)) was investigated. Four levels
of dilution are tested: cBe = 1% (black line), 3% (blue line),
5% (yellow line) and 6.5% (brown line), the latter correspond-
ing to the case where beryllium is the only impurity present.
As observed for JET pulse #104661, neither the inclusion of
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Figure 9. Comparison, for the JET pulse #104661, between the reference simulation and the simulations with predicted nD and nT radial
profiles, considering five levels of dilution: cBe = 1% (teal lines), 2.4% (gold lines), 3.8% (pink lines), 5.2% (orange lines) and 6.5% (cyan
lines). (a): comparison of the density profiles for nT (solid line) and nD (dashed line); (b): neutron rate time traces for these simulations,
compared with the experimental measurement (grey dotted line) and its confidence interval (±10%).

Figure 10. Impact on neutron rate prediction for JET pulse #104461 in the time window between 9.0 and 10.5 s, under different physical
assumptions. (a) Effect of the dilution scan, where only the cBe is varied (black line, 1%), (blu line, 3%), (yellow line, 5%) and (brown line,
6.5%); (b) effect of using predicted D and T radial profiles from JINTRAC (teal solid line) instead of flat 50%–50% profiles (black solid
line); (c) Combined effect of dilution and predicted profiles considering three levels of dilution: cBe = 1% (teal line), 3% (pink line), 5%
(orange line), showing improved agreement with the experimental neutron rate within the confidence interval. The percentage values
reported in the legend after the TRANSP labels are computed excluding the interval between 9.8 and 10.2 s.

dilution effects nor the use of predicted D-T profiles alone is
sufficient to reproduce the experimentally measured neutron
rate. In figure 10(c) both effects are combined, considering
three levels of dilution: cBe = 1% (teal line), 3% (pink line),

5% (orange line). The result of simulation with cBe = 5% and
predicted ion profiles is close to the experimental confidence
interval, confirming the robustness of the approach across dif-
ferent baseline pulses in DTE3 campaign.
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Figure 11. The influence of the tested effects (dilution and predicted ion profile) on the pressure profile for the JET pulse #104661 and on
the plasma stored energy WMHD. (a) also includes the initial pressure profile computed by EFIT; (b): the dotted grey line represents WMHD

calculated by EFIT using the equilibrium EFTP/428, reconstructed from the pressure profile of the reference simulation; (c): the dotted red
line represents WMHD calculated by EFIT using the equilibrium EFTP/427, reconstructed from the pressure profile of the simulation
exhibiting the most altered pressure profile. The solid coloured lines represent the TRANSP simulations: reference (black line), the dilution
case with cBe = 6.5% (grey line), the case with predicted D and T radial profiles (teal line) and the combined effect of dilution and predicted
ion profiles (cyan line).

5. Discussions on equilibrium consistency

In addition to the analyses presented in the previous sections,
further investigations have been carried out to support and val-
idate the results. In particular, special attention has been given
to the equilibrium calculation, which is fundamental for pro-
file mapping and all aspects related to plasma volumes. The
sensitivity of the results to variations in the equilibrium recon-
struction has been carefully assessed, verifying its impact on
the consistency check quantities.

As reported in section 2, the EFTP equilibrium reconstruc-
tions used for the TRANSP simulation of JET pulse #99521
and 104661 are done including the total pressure (thermal +
fast ion) from a preliminary TRANSP run. The preliminary
TRANSP run is performed assuming cBe = 1% and isotope
fractions radially constant (reference, black line). However, in
subsequent runs, modifications to the dilution altered the total
pressure profile, as shown in figure 11(a). The figure shows
how the simulations with cBe = 6.5% (grey and cyan lines)
result in a pressure reduction, particularly in the core. In con-
trast, the sole effect of the predicted ion profiles (teal line) does
not alter the pressure profile. The same figure also includes the
pressure profile calculated by EFIT at the first step (dashed
grey line).

To ensure that these changes in the pressure profile do not
introduce inconsistencies, it was verified that the equilibrium
EFTP/428, produced using the pressure from the reference
simulation (black line), remains consistent with the simula-
tion exhibiting the most altered pressure profile (the simula-
tion with predicted ion profiles and cBe = 6.5%, cyan lines). To
verify this, starting from the simulation with the most altered
pressure profile, an additional equilibrium was reconstructed
with this pressure, the equilibrium EFTP/427. The comparison
between the two equilibria, EFTP/427 and EFTP/428, shows
that the difference in the position of themagnetic axes is within
the reconstruction error (being lower than 1.5 cm). The largest
effect appears to be on the elongation, which results slightly
reduced in reconstruction with lower pressure. The variation
of the elongation is, at its maximum, 5% which corresponds
to an observed distance between two surfaces of 3–4 cm in the
lower part of the machine.

Figures 11(b) and (c), reports the WMHD values calculated
by the EFIT++ for the two analysed equilibria. Figure 11(b)
shows the equilibrium EFTP/428 (dotted grey lines) along
with the corresponding TRANSP results, while figure 11(c)
displays the equilibrium EFTP/427 (dotted red lines) com-
pared with the same TRANSP outputs. In both cases, the val-
ues are shown along with their respective confidence intervals.
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This demonstrates that the variability introduced by the modi-
fications remains within the confidence interval of 10% for the
WMHD computed by EFIT++.

6. Conclusion

In this study, the TRANSP code was used for the inter-
pretative analysis of the JET baseline scenario, focusing on
JET pulse #99512 from the Deuterium-Tritium DTE2 cam-
paign and JET pulse #104661 from the DTE3 campaign.
Notably, in the latter campaign, the neutral particles injec-
ted by the NBI were exclusively D, whereas in DTE2, a 50-
50 DT mixture was used. The results highlight that, in these
two pulses, to enable a good agreement between the experi-
mental neutron rate and the TRANSP modelled one, an accur-
ate combination of dilution effects and core isotope mixing is
needed.

In the analysis of JET pulse #99512, the identified combin-
ation includes a flat D and T concentration due to the fast ion
mixture process [11, 28, 29] and cBe of 1% which is the main
dilution impurity.

Starting from the interpretative modelling of JET pulse
#99512 we have substituted the DT NBI with pure D NBI
and increased the power by 5 MW to simulate power achiev-
able in the JET pulse #104661. The extrapolated neutron rate
increased linearly and became 40% larger than the JET pulse
#99512 performances, in line with what is seen in the DTE2
experimental power scan [27].

In the TRANSP simulations of JET pulse #104661, using
the actual kinetic profiles obtained from the experimental data
and the same combination as in JET pulse #99512 cBe of 1%
and a flat D and T concentration, a significant discrepancy of
80% emerged when comparing the TRANSP neutron rate cal-
culation with the experimental one.

To study the mechanism underlying the disagreement
between the predicted and actual performance of JET pulse
#104661, proper tuning of dilution and core ion mixture has
been performed. A scan of possible dilution levels was con-
sidered, alongside the effect of D core accumulation due to
the D-NBI in the DTE3 campaign, in contrast with the D and
T NBIs used in the DTE2 campaign.

It has been shown that the plasma dilution effect alone can
explain the disagreement with the experimentally measured
neutron rates only by assuming an unlikely level of cBe, corres-
ponding to the maximum Zeff value in the scan and considering
Be as the sole impurity. An effect of similar magnitude can be
obtained when the consideration of D core density accumu-
lation is included alone. Only combining the two effects it is
possible to achieve agreement with the measurements in their
confidence intervals.

The same analysis was also carried out for JET pulse
#104461, leading to consistent results and thereby reinforcing
the generality and robustness of the findings.

In this work, the relative importance of plasma dilution and
core isotope mixture on the neutron yield was investigated.
It turns out that proper tuning of these parameters is cru-
cial to achieving a good match between the computed and

experimental neutron rates. In particular, it is highlighted that,
for this scenario, the assessment of the fusion yield in future
machines relying on D-NBI core fuelling, such as ITER, must
consider the source and transport effects on the ion relative
fractions. Further analysis should clarify whether the combin-
ation of these effects could be expected in other DT scenarios
developed at JET in its last campaigns. This will provide valu-
able insights for the design of the fuelling schemes in future
DT devices.
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Appendix. Anomalous fast ion diffusivity

The residual minor discrepancy observed between the simula-
tions and the experimental neutron rate, despite the very good
agreement in the consistency checks, may be attributed to sev-
eral effects not accounted for in the simulations: uncertainties
in nuclear cross-sections, models’ approximations, and other
unmodeled phenomena such as the MHD activity. To estimate
the cumulative magnitude of these effects, we made a simple
exercise ascribing (as a working hypothesis) the residual dis-
crepancy to the fast ion population in the core a modulating it
with an effective fast ion diffusion model. We report the anlay-
sis on the 104461 pulse, which has the largest residual dis-
crepancy, but similar results have been obtained for other dis-
charges presented in the paper. Indeed the thermal (TH) com-
ponent of the neutron yield is directly linked to the bulk kinetic
profiles, which are well diagnosed. In contrast, the beam-target
(BT) neutron rate is the result of the NUBEAMcalculation and
can be influenced by numerous factors. The experimental NBI
power, beam voltage, energy fractions, and their time evolu-
tion are consistently used as input in TRANSP. However, the
BT neutron rate is highly sensitive to the fast ion density in the
core, which is mainly affected by fast ion transport. TRANSP
does not include a fully self-consistent model of fast ion trans-
port, and a detailed analysis of fast ion losses is beyond the
scope of this paper.

A simplifiedmodel can be incorporated into the simulations
to estimate the magnitude of an effective, radially uniform fast
ion diffusivity. Different levels of anomalous fast ion diffus-
ivity (Dfi) can be included in the simulation to account for the
fast particle losses and redistribution. Figure A1 shows a scan
for three values of Dfi, taking as reference the simulation with
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Figure A1. Starting from the case with a 5% dilution and predicted
ion profiles (orange line) for the JET pulse #104461, a scan of the
fast ion diffusivity (Dfi) is performed. Four diffusivity levels are
considered: Dfi = 0, 0.5, 1, and 1.5 m2 s−1, represented by orange,
red, blue, and yellow lines, respectively. The percentage values
reported in the legend after the TRANSP labels are computed
excluding the interval between 9.8 and 10.2 s.

the smallest discrepancy from the experiment, the cBe = 5%
and predicted ion profiles (orange line) in figure 10(c). The
Dfi values analysed are 0.5, 1, and 1.5 m2 s−1, represented by
red, blue, and yellow lines, respectively.

The presence of an anomalous fast ion diffusivity closes the
gap between the modelled and the experimental neutron rate
which turns out to be within 10% for all values of Dfi, con-
firming that such parameter lies between 0.5 and 1.5 m2 s−1.
It is beyond the scope of this paper to finely determine the
value of the parameter Dfi, but some considerations can still
be made. The value of 1 m2 s−1 provides the best agreement
in the steady state phase (i.e. far from the sawteeth), whereas
1.5 m2 s−1 provides a generally lower neutron rate and gives
the smallest value of the ratio between modelled and experi-
mental neutron rate.
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