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Abstract

In recent years, an intense modeling activity has been focused on preparing and analyzing the
second JET Deuterium-Tritium (D-T) experimental campaign DTE2. Among the numerous
scientific outcomes of this campaign was the unique opportunity to test and validate the state of
the art of modeling tools with fusion-relevant DT plasmas using the full metallic ITER-like wall
in different scenarios. This work reports on the core predictive modeling of plasma density,
electron and ion temperatures (7, Te, 7;) performed using TRANSP (Pankin et al 2025 Comput.
Phys. Commun. 312 109611) coupled with Trapped Gyro-Landau Fluid (TGLF)-SAT?2 (Kinsey
et al 2008 Phys. Plasmas 15 055908), (Staebler et al 2021 Nucl. Fusion 61 116007) for the JET
D-T baseline scenario (I, = 3.5 MA, g¢s = 3, Bn < 2, with pellet pacing) (Garzotti et al 2025
Plasma Phys. Control. Fusion 67 075011). The sensitivity to different input parameters, as the
E x B shear parameterization and the values of the kinetic quantities at the boundary of the
prediction domain (p = 0.85) has been assessed, identifying the confidence interval of the

2 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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prediction results. In particular, the dependence of the electron density profile on the particle
source parameters has been studied, identifying the ionization source as the main cause for the
density gradient under-prediction obtained by TRANSP-TGLEF, reported in (Hyun-Tae et al

2023 Nucl. Fusion 63 112004).

Keywords: JET, transport, plasma performance, TRANSP, TGLF-SAT?2, predictive modelling,

baseline scenario

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

1. Introduction

Reliable prediction of Deuterium—Tritium (DT) plasma per-
formance in term of fusion power is crucial for designing
and optimizing DT operational scenarios in present and future
fusion devices. However, such prediction remains a challen-
ging task, as fusion power is highly sensitive to plasma kinetic
profiles, which depend on phenomena developing on differ-
ent spatial and temporal scales. The DT fusion reaction rate
increases more than linearly with fuel ion density and temper-
ature, requiring advanced integrated modeling that accurately
reproduces plasma heating and transport processes. To achieve
trustworthy predictive capability, it is essential to quantitat-
ively assess existing modeling tools against experimental data
and to identify areas for improvement [1]. Additionally, in
ITER [2] a robust preparation of the nuclear phase of the
machine will be based on the preliminary operation in pure
deuterium. The assessment of the performance dependence on
the plasma isotope composition, along with the uncertainties
on the measured plasma parameters is a key topic to obtain
reliable information from the modeling prediction.

The recent DTE2 JET campaign [3] provides the ideal
test-bed to tackle this challenge and quantify the accuracy of
simulated DT fusion power against actual measurements [4].
Indeed in such campaign sustained plasma operation in reactor
relevant condition, where DT fusion power has been produced
for many confinement times, has been routinely obtained in
different plasma scenarios.

A large predictive modeling activity, based on the result of
the DTE2 campaign, has been already performed as reported
in [5]. In such paper the prediction capabilities of the most
used transport codes in the fusion community are discussed.
Besides the numerous results presented, it emerges that an
evident underestimate of the predicted density (and density
gradient) were present in the results obtained by a part of the
numerical codes involved in the comparison.

This work primarily investigates the causes of the modeled
under-prediction, focusing on the best-performing pure deu-
terium and DT baseline discharges [6] obtained during the pre-
paration and execution of the DTE2 campaign, namely pulses
96 482 and 99 948. The analysis has been performed using the
TRANSP [7] code, coupled with the Trapped Gyro-Landau
Fluid (TGLF) [8, 9] quasilinear turbulent transport model.

As a second objective, the study quantifies the confidence
intervals of the predicted performance by means of a sens-
itivity analysis on the main plasma parameters, identifying
the most relevant quantities and mechanism affecting fusion

performance. The comparison of the responses of deuterium
and DT plasmas to such parameter scan, demonstrates that D
and DT baseline plasmas exhibit similar trends.

1.1. Structure of the paper

After the general introduction to provide the relevant back-
ground information in section 1, the results of the TRANSP-
TGLF prediction of the core kinetic profiles for the best per-
forming pure D and D-T mixture baseline pulses of DTE2,
respectively 96482 and 99948, are presented in section 2.
Section 3 investigates the possible causes for the mismatch
between the experimental and modeling results, identifying
the correct particle source settings to match the experimental
density gradient. The sensitivity to the main simulation para-
meters are reported in section 4, where a discussion about the
effect of the boundary condition on the plasma transport prop-
erties and on the computed neutron rate is presented, compar-
ing the trends obtained by the D and the DT pulses. Section 5
summarizes the main findings and reports on the conclusion
of the work.

2. Prediction results of D baseline pulse 96 482 and
DT counterpart 99 948

The highest neutron rate of the baseline scenario developed in
JET with Deuterium as main gas (some percent of Hydrogen
as minority specie is also injected) has been obtained in pulse
96482, at 3.5 MA of plasma current, auxiliary input power
PNBI4+PICRH = 29.0+4.5MW, with D pellet ELM pacing.
Similar engineering parameters have been used in the DTE2
JET campaign, with the aim of achieving high performance
baseline plasma sustained for 5s. The best results have been
obtained with pulse 99948 which, by the way, has been
stopped by high Z (mainly W) impurity accumulation after
about 2.5s of the high performance phase [6]. Indeed the
reduced ELM frequency featured by the DT plasma despite
the injected ELM pacing pellets, leads to the lack of tung-
sten flushing, with the consequent radiation increase on the
low field side that causes the plasma termination at 51.4 s.
Figure 1 reports the time traces of the main discharge para-
meters: plasma current, toroidal field, NBI and ICRH addi-
tional power results very well matched between the 2 pulses,
as well as the temperatures and line integral density (with only
a slight density increase in the DT pulse). As stated, the DT
pulse ends with a disruption at about 51.4 s. Nevertheless, the
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Figure 1. Comparison of the time traces of the most relevant plasma parameters for pure Deuterium pulse 96 482, in blue, and
Deuterium—Tritium mixture one 99 948, in orange. From top to bottom, the plasma current /, and the toroidal field B; the additional power
(NBI solid line, ICRH dashed line); the radiated power Pr.q; the core electron density ne(0) and temperature 7¢(0); the hydrogenic isotope
concentration; the effective charge Z.gr; and the neutron rate N, (x100 in the D case).

steady phase is long enough to use this pulses to test and val-
idate the predictive capability of TRANSP-TGLF.

In [5] the n,, T, and T; profiles are predicted under the same
settings and assumptions by different transport codes and com-
pared with the experimental results, both for the pure D and
for the DT plasmas. The main assumptions includes the pre—

085:1] (o= VT = 5

is the squared root of the normalized toroidal flux ¥, defined
as the ratio of the flux of the magnetic toroidal field T, over its
value at the separatrix \ilt |Sep), while the rotation and radiation
profiles are prescribed on the whole radius. The Z effective
value is taken from the experiment, and 1% Be and Ni, whose
concentration is computed to match the prescribed Z effective,
are imposed. In the predictive simulation, no W is included.
This assumption is justified by the fact that the radiation pro-
file, which affects the electron power balance, is prescribed
whereas the W contribution to the plasma Z effective is neg-
ligible because of its small concentration in the time window

scribed pedestal profiles in p; =

of interest: [50.0-50.5] s for the D pulse and [49.5-50.0] s for
the DT one. The radiation profile is computed as the flux sur-
face average of the 2D poloidal bolometric reconstruction. The
equilibrium is computed with the fixed boundary TRANSP
internal solver, imposing the shape of the last closed flux sur-
face and the edge safety factor, while evolving the plasma cur-
rent profile. As for the transport model, TGLF-SAT?2 includ-
ing perpendicular magnetic fluctuations is used, the main ion
density is computed in TRANSP via quasi-neutrality (consid-
ering both impurities and « particle densities) and no ad-hoc
electromagnetic stabilization model (i.e. EM_STAB = 0) has
been activated. The list of the main TGLF-SAT2 settings is
reported in table Al. These settings have been applied to all
the predictive simulations presented in this paper, to allow an
easier, direct comparison of the results.

Under such assumptions, three channels TRANSP-
TGLF(SAT2) predictive simulations are performed in the
radial domain p; = [0;0.85]. Figure 2 shows the predicted pro-
files averaged in the steady state of the plasma: [50.0-50.5] s
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Figure 2. Comparison of the predicted radial profiles of electron density, electron temperature, ion temperature for the deuterium pulse
96482, in blue, and the Deuterium-Tritium pulse 99 948, in orange. The black profiles represent the fit of the experimental data (empty
diamonds), the solid line refers to DT pulse and the dashed one to the D pulse. The plasma rotation frequency is interpretive.

and [49.5-50.0]s for D and DT pulse, respectively. In the
same figure, the experimental data (diamonds) and the cor-
responding fitted profiles are reported (black lines). The pre-
dicted electron temperature is in good agreement with the
high resolution Thomson scattering (HRTS) [10, 11] data
in p=[0.25;0.85]. Differences between predicted and fit-
ted profiles can be observed at p, < 0.25, where they can be
neglected because no experimental data are available to con-
strain the fits. The same behavior is obtained also for the the
predicted ion temperature, whose profile aligns well with the
experimental Ti data, for both D and DT cases.

On the contrary, the density prediction results underes-
timated, with a density gradient in the region p, = [0.5,0.85]
extremely flat and in disagreement with the measured density
gradient for both D and DT plasmas [12]. A proper quantific-
ation of the discrepancy between predicted profiles and exper-
imental data is reported in section 3.3 and figure 8.

The lower plasma density lead to a computed neutron rate
17% lower than the experimental one in the DT case and, sim-
ilarly, 23% lower in the D pulse.

To understand the reasons for the under-predicted density,
different routes have been explored: (1) the presence of a pos-
sible problem in the interface between TRANSP and TGLF;
(2) the dependence of the electro-magnetic turbulence stabiliz-
ation on the E x B shear parameterization and magnitude; (3)
the effect of the particle source on the density gradient in the
region p, = [0.5;0.85]

3. Possible causes for the density under-prediction

Before investigating any potential physical cause which leads
to the electron density underprediction, we checked that there

was no issue in the interface between the TRANSP code and
the TGLF transport model. The test methodology and its res-
ults are described in the following paragraph.

3.1. TRANSP-TGLF interface

TRANSP evolves the n, profile solving the particle continuity
equation at each time step:

e R R RO
where I' is the particle flux and § is the particle source term,
pr and t are the radial and temporal coordinates, reported to
highlights that such quantities vary in time and position. The
particle fluxes are computed by TGLF, the particle sources
from the neutral beam are computed by the NUBEAM [13]
code, which is a widely used and benchmarked Monte Carlo
code for NBI heating, fueling, torque injection, and current
drive. The wall and recycling source are provided as input data
and their propagation towards the core are computed by the
FRANTIC [14] code. The workflow used in this study does
not allow a detailed modeling of the pellet injection physics
and a simplified approach described in section 3.3 has been
used.

The equation (1) is solved at several radial points in the
prediction domain. To obtain the I', TGLF read in the plasma
parameters from the TRANSP simulation, as the local elec-
tron, ion and fast ion densities and temperature, the ExB
shear, the geometry of the flux surface, etc. The particle flux
computed by TGLF is then passed back to TRANSP. At each
time step and at each radial point, all such information are
saved in temporary files (the so-called dump files), which
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Figure 3. Comparison of the particle, electron heat, and ion heat fluxes computed by TGLF (dashed black line) and TRANSP (solid red
line) at the first time step of the simulation for pulse 96 482. In the region p; = [0 — 0.85] the fluxes results in agreement.

are usually overwritten at the following time step. To verify
that the interface between the two codes is properly work-
ing, we stopped the TRANSP run after the first TGLF call, in
order to have the predictive particle, and electron and ion heat
fluxes used in TRANSP to be compared with the correspond-
ing quantities in the TGLF dump files. Since TRANSP does
not save the particle, electron and ion heat fluxes, but only their
divergence (first term of the right-hand side of equation (1)),
the fluxes are computed starting from the TRANSP output
variables. The particle flux is hence obtained as:

(o) = Eil\rl;ﬁli%

(EPTR_MOD (irad) x DVOL(irad))) (2)

at each time step. EPTR_MOD is the divergence of the
particle flux and DVOL is the volume of each zone in the
TRANSP radial grid, based on NRAD points. The heat fluxes
are similarly computed, with the variables EETR_MOD and
IETR_MOD, for electrons and ions, respectively.

The comparison of the TRANSP and TGLF fluxes is repor-
ted in figure 3 for the 3 channels: the red solid line represent the
I'(pr,t) in TRANSP whereas the dashed line is the same quant-
ity extracted from TGLF dump files, resulting in very good
agreement. Note that the TGLF computation is done only in
the integration domain p; = [0,0.85] and, correctly, no inform-
ation on the pedestal particle flux, where TGLF is not valid, are
provided to TRANSP.

This simple but mandatory test rules out any possible issue
in the interface of the 2 codes, and confirms that TRANSP is
actually using the fluxes computed by TGLF on the base of the
plasma parameters of the previous time step.

3.2. Turbulence stabilization by E x B shear

The sheared E x B velocity VEsE = E x B/B* ~ E,/B;, where
E, is the radial component of the electric field and B is the tor-
oidal component of the magnetic field, can play a crucial role
in suppressing the electromagnetic turbulence. Its proper com-
putation is a key factor to recover a good agreement between
modeled and experimental profiles. In a plasma, radial force
balance yields an equation for radial electric field E; [15, 16]:

P
— Vth + Vth

(5]

E:(pot) = — 3)
where the first term, the diamagnetic one, is related to the
gradient of the plasma pressure (VP), e is the elementary
charge and n, is the electron density. The second and the third
terms are, respectively, the product of the toroidal velocity v;
by the poloidal magnetic field B, and the poloidal velocity v,
by the toroidal magnetic field B.

TGLF requires in input the local sheared vz 3

so-called E x B shear ~E, which is computed as [16]:

E\_ _rd(vby
RB,)  qdr \RB,

where the radial electric field is computed neglecting the pres-
sure gradient and the v, B, terms (i.e. E; = —vB;,). The safety
factor ¢ and the plasma major radius R enter the formula with
their common definitions.

To verify that the g definition required by TGLF is valid
in the parameter space of the discharges under analysis, we
compute the contribution of each term in the E, definition,
as reported in figure 4. In such figure the adimensional g is
shown, multiplying it by the constant factor a/cs, where a is
the plasma minor radius and cg is sonic velocity.

It turns out that, in the region with p; < 0.85, the yg com-
puted with the vB, term only accounts for the 95% of the
total E x B shear, as shown in figure 4(a). The contribution
of the pressure gradient term is significative only in the pedes-
tal region, while the v, B, term has negligible amplitude every-
where, confirming that the definition used is sound in the radial
domain under analysis. We also checked that the yg computed
by TRANSP correctly uses the equation (4) and that TGLF
actually receives such values in input. To do this additional
check, the TGLF dumps files have been compared with the
TRANSP internally computed E x B and with the same quant-
ity manually computed: the 3 lines results in optimal agree-
ment, as shown in figure 4(b).

To assess the sensitivity to the E x B shear of the turbu-
lent fluxes, a scan with different values of g has been per-
formed. Figure 5 reports the results of such test on the pre-
dicted kinetic quantities. The scan has been done applying a

velocity, the

_rd
_qdr

Ve “
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Figure 5. Predicted kinetic profiles for pulse 96482 obtained scanning the E x B shear rate, compared with the interpretive simulation in

dashed black line, used as a proxy of the experimental profiles.

multiplying factor A to the Jg in each simulation in the range
[0,1,2.25,4]. Switching off the E x B stabilization results in a
even flatter n, profile in the region p, = [0.5;0.85], with a gen-
eral underestimate of all the predicted quantities. The increase
of A, to 2.25 provides a good agreement of the density profile
with the experimental data, but the core 7; and the full T, pro-
file are overestimated. In particular the T, profile turns out to
be not compatible with the measurements of the HRTS. A, =4
produces a too strong turbulence stabilization on all channels,
with all the profiles largely over-predicted.

The main outcome is that the factor A, = 2.25, which
recovers a reasonable agreement of the computed density pro-
file with the experimental data, cannot be applied on the tem-
peratures channels. Additionally such an increase of the g is
not justified by the error bars of the toroidal velocity as meas-
ured by the charge exchange radiation monitor, either.

3.8. Particle source

Given that the turbulent transport fluxes in TRANSP are con-
sistent with the TGLF output, according to equation (1), the

remaining knob to affect the density profile, is the particle
source S(pi,t). The detailed study of the particle sources,
which involves pedestal and boundary physics not included
in the present modeling, is beyond the scope of this work.
Nevertheless, a simple but effective approach is used: the
gas fueling, wall recycling, and pellet injection, which are
all sources of particles present in the JET baseline plasmas,

are modeled as a single effective source Ses, which is then

scaled to predict the outer core density gradient ‘3”“‘
P

close
85

to the experimental one. It is important to note that the value
of the source at the boundary condition is a critical para-
meter for the solution of the differential equation (1). The NBI
particle source is self-consistently computed by NUBEAM,
with default settings and no anomalous fast ion diffusion. The
Seit(pr,t) is computed by FRANTIC, where the free para-
meters are the neutral temperature at the edge 7,,(1) which
determines the incoming neutral velocity, and the separatrix
neutral density.

The results are shown in figure 6, where the predicted dens-
ity profiles (b) of discharge 96482 averaged between 10.0's
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for comparison. (b) Corresponding electron density predicted profiles. To match the HRTS data (empty dots), the particle source shall be
about 15 times larger than Se(0.85) provided by the nominal gas injection system (black lines).

and 10.5s are shown for different particle sources (a). The
panel (a) reports also the particle source provided by NBI,
which results almost unaffected by the change in the effective
wall source settings. In the increased S cases the wall and the
NBI sources becomes comparable at p, = 0.5. The increased
Sefr results in a steeper density gradient in the core’s outer
region, which propagates towards the center. The optimal
value of Se(0.85) turns out to be about 15 times larger than
the source provided by only the gas injection system. Such
value can be obtained by simply multiplying the puffing neut-
ral density by a scaling factor SCgas and/or modifying the
neutral atoms’ edge temperature 7y, (1) to increase their penet-
ration depth. Different combinations of neutral scaling factor
and T, (1) result in similar Ses(0.85): the dark blue and light
blue dashed lines represent the cases (SCgas = 20,7T,(1) =
3eV),and (SCgas = 8, T, (1) =300eV), respectively. The lat-
ter edge neutral temperature can be interpreted as the aver-
age energy between the molecule dissociation energy (3eV)
provided by the gas puffing valves and the backscattering neut-
ral energy which is in the order of the edge ion temperature.
A similar value (T,(1) ~300eV) is also found in the integ-
rated core-edge-SOL simulations performed in similar pulses
with JINTRAC-COCONUT [17] and references therein. As
an additional test, a simulation without any particle source has
been performed . The result is a even flatter density profile,
not far from what obtained with (SCgas = 1,T,(1) =3eV),
suggesting and confirming that such settings are unlikely to
correctly represent the effective particle source.

To provide an independent verification of the effective
particle source computed with the discussed simplified model,
a full radius JINTRAC-TGLF [18] predictive simulation of
pulse 96482 has been performed [19]. In such simulation
the boundary condition for the electron density profile is put
at p=1. The total particle source is simulated by JINTRAC
including the particles provided by the gas valves system,
the pellet injector, the wall recycling, and the NBI contri-
bution given by PENCIL. The pedestal transport properties
have been set in order to reproduce the experimental dens-
ity pedestal height and width, exploiting the heuristic pedes-
tal transport model [19], assuming a x/D =4 (ratio of the
heat diffusivity over the particle diffusivity) in the pedestal.

1000 ' '
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Figure 7. Total particle source (removing the NBI contribution)
computed by JINTRAC in the full radius simulation (black solid
line) compared with the Segr used in TRANSP runs with

SCgas = 20,Ty(1) = 3 eV (dark blue dashed) and

SCcas = 8,Tn(1) =300eV (ligh blue dashed).

0.9

The particle core transport has been computed by TGLF from
the top of the pedestal to the magnetic axis. The comparison
of the total particle source computed by JINTRAC with the
Sefe shown in figure 6 confirms that the optimal settings for
the effective particle source are (SCgas = 20,T,(1) =3eV),
and (SCgas = 8,Tn(1) =300eV). Figure 7 shows the com-
parison of the total particle source computed by JINTRAC
with the 2 TRANSP optimal cases and with the reference case
(SCsas = 1,T,(1) = 3eV), confirming that the particle source
used in [5] is not sufficient to sustain the density gradient in
the region p = [0.4 — 0.85].

The TRANSP-TGLF, predictive analysis for the DT dis-
charge 99948 shows similar features, with ion and electron
temperature well-matched and under-predicted n.. The same
approach is hence used to study the behavior of the DT
discharge.

It turns out that an enhancement of the particle source of
the same order of magnitude is required to correctly match
the experimental data. Since the modified electron dens-
ity affects also the prediction of the temperature, generally
resulting in lower temperatures when the density increases,
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Figure 9. Electron density at mid radius, core electron temperature, core ion temperature time-traces for D pulse 96 482 (right column) and
for the DT pulse 99 948 (left column). The experimental measurement are in black lines, whereas the predicted quantities are in dotted line
for the simulation with optimized particle source (7,(1) = 300eV,SCgas = 9) and in solid orange and dashed blue for the case with low

particle source (Ty(1) =3eV,S8Cgas = 1), used in previous work.

an estimate of the discrepancy for the different particle
source parameters is provided. Figure 8 reports Seg(0.85)
normalized to the value obtained with (SCgas=1,T, =
3eV) and the corresponding average discrepancy ey, =

| p=0.85  Ximod —exp - o
NRADT 2_p—0.25 (") between the experimental quantities

Xexp

Xexp = (ne, Te, Ti) and the corresponding modeled one xmoq
(NRADI1 is the number of radial points in [0.25, 0.85]). In
both the D and DT discharges, the electron density predic-
tion shows a variation of ¢, larger than 20%, with a min-

S (085) 1518 (see panel (a)). The T, and

1mum at Ser(0.85)scqpet
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Table 1. Summary table of the sensitivity test of the plasma performance to the main plasma parameters. ex = —12% for the DT pulse,

en = —14% for the D pulse.

Factor Factor

(-) DT ex Den (+) DT ex Den
Pedestal T; 0.9 —24% —23% 1.1 —3% —3%
Pedestal T, 0.9 —14% —11% 1.1 —16% —15%
Pedestal n. 0.9 —16% —18% 1.1 —13% —10%
Z effective 0.9 —16% —16% 1.2 —9% —10%
Angular frequency 0.8 —16% —17% 1.2 —9% —
Rotation shear 0.8 —18% —20% 1.2 —8% —T7%

DT down factor

D down factor

M DT up factor

m D up factor

Pedestal Ti

Pedestal Te Pedestal ne Z effective

i

Rotation
shear

Angular
frequency

Figure 10. Graphic representation of the sensitivity test of the plasma performance to the main plasma parameters. Light blue and dark blue
refer to D pulse 96 482, light orange and dark orange refer to DT pulse 99 948, the lighter color indicates the neutron discrepancy resulted
reducing the parameters under investigation, the darker color shows the results obtained increased the same parameter, for each category.
The dashed lines represent the discrepancy level for both the DT (orange) and D (blue) pulses. The comparison between D and DT results
confirm how the response of the neutron production to the parameter scan is weak, in this regime.

T; prediction are much less affected by the particle source scan,
with a maximum variation of 7, and ez, below 7%, as reported
in panels (b) and (¢).

To properly evaluate the capability of the TRANSP-
TGLF(SAT?2) simulations of capturing the time evolution of
the predicted plasma quantities, the time-traces of the experi-
mental electron density at mid radius, of the core electron and
ion temperatures are compared with the corresponding pre-
dicted quantities. Figure 9 reports, from top to bottom, the
experimental n.(p, = 0.5,1), the T.(0.25,¢) and T;(0.25,¢) in
black line. The orange solid and blue dashed in each plot rep-
resent the same quantities for the case (T;,(1) = 3eV,SCgas =
1), whereas the dotted orange and blue lines are the res-
ults of the corresponding simulations performed with the
optimized Sefr. Specifically they are obtained setting (7,(1) =
300eV,SCgas = 9). In both D (blue) and DT (orange) cases,
a better agreement of the time evolution of the electron dens-
ity is observed while minor effects on the temperatures are
found.

Estimating the confinement properties from the described
simulation, a synergistic effect is observed: increasing the
particle source, a larger density is obtained which damps
the electromagnetic turbulence. Indeed the confinement
time increases by a factor 6-10 with the enhanced Se.
Additionally, the magnitude of the particle source estimated
in this works turns out to be consistent with independent
studies [20, 21].

The overall modeling agreement with the experimental

Nxmod—N
total neutron rate Nyexp results ex = Wﬂ =—12% at
€X]

its best, being Nnmod the modeled neutron p1rate. The resid-
ual difference is mainly due to the 7; uncertainties, and
its response to the increased density. Additionally €7, goes
from —7% to —11%, which reduces the fast ion pop-
ulation and hence the total neutron rate via the beam-
target channel. A sensitivity test on the main experimental
inputs has been performed within the experimental uncer-
tainties to evaluate their impact on the plasma performance
prediction.
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Figure 11. (a) and (d): radial profiles of the maximum quasi-linear flux for heat (7. solid, 7; dotted) and particle (n. dashed) computed by
TGLF in D simulation 96 482Q09 (left column) and DT run 99 948Y53 (right column), where the optimized Seyr is applied. (b) and (e) show
the wavenumber k, corresponding to the maximum flux for each location and the associated frequency in gyroBohm units.

4. Sensitivity test of the modeling results for D and
D-T baseline pulses

The modeling results are sensitive to quantities that affect the
turbulent transport, such as main ion dilution, 7; /7., rotation
profile, E x B shear, q profile, and magnetic shear. Moreover
also the boundary conditions at the integration domain modify
the outcome of the computation. To test how these quantit-
ies affect the prediction of the total neutron rate in both D
and DT plasmas, a +10% on pedestal value of T, T, n have
been applied, considering this as a good estimate of their aver-
age measurement error bars or experimental uncertainties. The
variation on Z effective is —10% +20% and the interval for
the rotation profiles is +20%: the core CX measurements are
affected by a larger error than the pedestal ones due to a lower
signal to noise ratio, and the Z effective measurement at JET
is affected by a similar error in the last DTE2 campaign. The
non-symmetric Z effective variation interval is chosen to avoid
values below 1. Additionally, to test the sensitivity to the core
rotation velocity and its shear, a factor that goes linearly from
1 at py = 1 to 1.2 (or 0.8) on the magnetic axis has been applied
to the angular frequency data.

Table 1 reports the results of the sensitivity scans which
are also graphically summarized in figure 10, where for each

tested variation, the corresponding agreement between the
modeled and the experimental neutron rate is shown. In gen-
eral the results for D and DT plasmas are similar: such out-
come shows that the propagation of the input parameters
uncertainties on the predicted fusion performance, in partic-
ular on the neutron rate, is similar in D and DT plasmas for
this experimental condition.

To have a better understanding of the behavior shown in
table 1 and figure 10, the dominant turbulence mechanism has
been investigated. Figures 11(a) and (d) show, for D and DT
case respectively, the radial profiles of the maximum quasi-
linear fluxes for each channel, computed by TGLF in p =
[0.25,0.85]. The corresponding k, (b) and (d) and the associ-
ated frequency (c) and (f). These plasmas result dominated by
low wavenumber fluctuation with negative frequency, which
corresponds to the so-called ion temperature gradient (ITG)
turbulence. No dominant mode are reported in the high k,
range, suggesting that the Electron Temperature Gradient tur-
bulence is a sub-dominant drive of heat and particle transport.
The dominant ITG turbulence for the JET plasmas is consist-
ent with previous detailed gyrokinetic analysis [22, 23].

Considering the ITG nature of the transport in these plas-
mas, the strongest dependence of the fusion performance on
the 7; can be attributed to synergistic effects. The higher
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Figure 13. Variation interval of the plasma parameters characterizing the plasma performance. Minimum, average and maximum values
obtained within the database are reported for each parameter, normalized to the reference simulations.

pedestal ion temperature propagates toward the core, and the
ITG turbulence is decreased because of the larger 7; /T,, damp-
ing, in particular, the particle fluxes (a symmetric effect is
obtained by lowering the pedestal 7;). Also, the change in

rotation and in rotation shear shows similar behaviors to the T;
modification: in this case, the dominant effect is on turbulence,
since the pedestal kinetic profiles are not modified. A slightly
more pronounced effect of the rotation shear modification is
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observed, in agreement with the turbulence suppression. The
test on density provides only minor effects. This is due to
the compensating behavior of transport and sources: while
the transport is reduced (n,(0.85) - 1.1), the heat and particle
sources are less penetrating the core, leading to lower kinetic
profiles, and vice versa. The pedestal 7, variation provides
only minor modification; indeed, also in this case, two oppos-
ite effects are present: the lower pedestal electron temperature
is compensated by the reduced transport associated with larger
T;/T., leading to only minor differences in the modeled pro-
files. Finally, the Z effective sensitivity test has, at first sight,
a peculiar behavior. The increased impurity content and dilu-
tion should lead to lower plasma performance. In the present
modeling, an opposite outcome is obtained: the reason is that
the increased dilution damps the turbulent fluxes, while it has
no effects on the radiation power,introducing a small incon-
sistency in the prediction results of the Z.¢ scan. Nevertheless
such Z scan with imposed radiation profile, isolates the effect
of a measurement error on the Z effective used in the modeling:
the measurement error on the Z. data has a non-negligible
impact on the prediction results.

The turbulence suppression due to increased 7; and n,, and
to the reduced T is confirmed also by the quasi-linear spec-
tra of the turbulent fluxes computed by TGLF for the 99 948
DT pulse, as reported in figure 12. In particular the larger
T; halves the transport of the ion heat component, whereas
leaves unchanged the electron heat. Also the particle flux res-
ults slightly reduced. Also the dependence of the turbulence
on the n. levels is reported in the right column of figure 12:
the larger pedestal density shows a positive effect on all the 3
channels investigated reducing the transport, but this is coun-
terbalanced by the lower penetration of the beams: the 2 phe-
nomena balance themselves producing no significant variation
in the density and temperatures profiles.

The plasma performance variability in the whole database
of simulations presented in table 1 is reported in figure 13:
different performance indicator are reported, with their max-
imum, average, and minimum values normalized to the ref-
erence case. In such figure Sy = %{;”’Z,uo B where the

T
plasma total pressure Py is volume averaged, thé toroidal field
B is taken at the plasma axis location, and @ = 0.5(Rmax —
Rumin) is the generalized minor radius at the mid plane. The
confinement factor H98,; is taken from [24], W, is the volume
averaged total plasma stored energy, N, is the total neutron
rate, TH/Nj is the fraction of the neutron produced by ther-
monuclear reactions, and fow = <”I#p>v7ra2 is the Greenwald
fraction. Comparing the variation intervals of each parameter
of D and DT plasmas, no large differences are present. The
neutron rate is the most sensitive parameter, featuring +15%
interval, whereas the stored energy (and H98,,) are the least
sensitive, with the variation or about +5%. This behavior can
be explained by the fact that the neutron rate strongly scales
with the ion temperature in the inner core, whereas volume
integrated quantities are less sensitive. It’s interesting to note
that, in this scenario, the thermal neutron fraction accounts for
about 50% of the total neutron rate, as confirmed also by its

variation interval which turn out to be about half of the total
neutron rate one.

5. Conclusion

The predictive modeling performed with TRANSP-TGLF in
[5] showed a density under-prediction which affects both the
baseline and the hybrid scenarios, in pure deuterium and in
DT mixture. In this work we investigate the main reasons for
such discrepancy identifying the lack of particle source as the
main cause. The predictive modeling work done on the high-
performance baseline pure deuterium pulse 96482, with to a
systematic optimization of the TRANSP-TGLF workflow and
comparison with similar detailed calculation performed with
JINTRAC, lead to the identification of an effective solution
to mitigate the density under-prediction. The same optimized
setup was then applied to the corresponding DT discharge
99 948, resulting in a good agreement with the experimental
neutron rate, within 12%.

A sensitivity analysis on the main experimental inputs
revealed that both the ion temperature 7; and the Z. exert
the most significant influence on the predictive modeling res-
ults. This finding highlights the crucial importance of accur-
ate measurements or assumptions for these quantities when
attempting blind, first-principles predictions of DT plasma
performance.

Overall, these results demonstrate that, once properly con-
strained, integrated modeling tools such as TRANSP-TGLF
are capable of reliably extrapolating plasma behavior from
D to DT conditions, providing a robust framework for scen-
ario development and validation in support of future reactor-
relevant operations.
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Appendix. List of TGLF settings

The detailed settings of TGLF switches used in the pre-
dictive modeling are indicated by table Al. The TGLF
switches not indicated in table A1 were set by the default val-
ues, which can be found in https://gafusion.github.io/doc/tglt/
tglf_table.html.


https://gafusion.github.io/doc/tglf/tglf_table.html.
https://gafusion.github.io/doc/tglf/tglf_table.html.

Nucl. Fusion 66 (2026) 056043

F. Auriemma et al

Table A1. List of the main TGLF switch settings used for the predictive simulations.

Switch Definition TRANSP
NS No. kinetic species 4 (e,D,T,imp.)
GEOMETRY_FLAG_MODEL 1 = Miller geometry 1
USE_BPER Include 1 magnetic fluctuations T
USE_BPAR Include || magnetic fluctuations F
SAT_RULE Saturation rule 2
KYGRID_MODEL 4 = standard transport spectrum 4
NMODES No. stored modes 6
NBASIS_MIN Min. parallel basis functions 2
NBASIS_MAX Max. parallel basis functions 6

NKY No. high-k poloidal modes 19
ALPHA_MACH Parallel velocity multiplier 0
ALPHA_E E X B shear multiplier 1
ALPHA_QUENCH 0 = new spectral shift model 0
FILTER Driftwave frequency threshold 2.0
USE_AVEION_GRID Charge-avg. p; for k, grid T
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