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Rationale of Chapter 7.
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• This chapter discusses the role that DTT can play in studying the energetic particle 
physics in the frame of “core-edge integration” while considering different plasma 
shapes at ITER and DEMO relevant plasma parameters.

• The peculiar role of energetic particles as mediators of cross scale couplings in 
reactor relevant burning plasmas is briefly introduced.

• Brief summary of test particle  approach (NNBI and test particle transport: prompt 
and ripple losses of energetic particles).

• Self-consistent simulations for Energetic Particle (short review on past and recent 
activity performed and future envisaged work).

• Diagnostics: DTT as a testbed for energetic particle diagnostics

o relevant to future reactors

o in relation to turbulence and instabilities.

• Headlines of the research programme for energetic particles.

• List of Codes for Energetic Particles now in Appendix H.
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• Title changed to “Energetic Particle Physics”
(title of Ch. 7 in RP version presented at Padua (2023.12.13-15) was “Fast Particle 

Physics”)

Section 7.1 Introduction 
• Text unchanged w.r.t. the RP presented at Padua (2023.12.13-15) meeting
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Section 7.2 NNBI and test particle transport 
• Text expanded w.r.t. the RP presented at the Padua (2023.12.13-15) meeting:

o add details on the computation and already published results;
o add details on future work on the effects of electromagnetic perturbed fields (e.g., TAEs) 

on single particle dynamics;
o add a new figure on prompt losses and ripple-resonant losses vs the pitch λ=v∥/v;
o add a new figure on the map of the power load in the plane (R𝜁, L) (R𝜁: distance along the 

toroidal direction on the equatorial plane, L: distance along the separatrix from the mid-
plane toward the X-point and R=R0+r, r being the radius of the LCFS)
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 7.2 NNBI and test particle transport 
Regarding the Energetic Particles produced by Negative Neutral Beam Injection (NNBI), detailed analyses 
were presented in [7.5, 7.6] (see also Chap. 6), where prompt losses and ripple induced losses for a beam at 
510 keV and injection angle with respect to the first wall of 40° were estimated to be, respectively, ~0.01% 
and ~0.07% [7.5, 7.6]. To deal with a significant statistics and improve the accuracy in the heat flux 
determination at the wall, an algorithm has been implemented to obtain from the initial distribution by 
TRANSP a new one having the same features but with the desired number of particles. Such a procedure has 
allowed to deal with 106 fast ions in numerical simulations [7.6]. The vast majority of the losses are due to a 
ripple-resonant mechanism for particles with pitch (defined by v∥/v with v∥ the parallel velocity of the 
particle with respect to the magnetic field and v the module of the velocity) λ = 0.6 and 0.65; such a behavior 
is consistent with the theory of ripple-
precession resonance (see Fig.7.1). 

Resonant losses are distributed in the toroidal 
angle while they are instead more localized in 
the poloidal angle θ, just under the midplane, 
−11° < θ < 0, with θ the Boozer angle. This 
distribution corresponds to a band ∼ 50 cm wide 
along the separatrix towards the X-point. This is 
reasonable, since lost ions are banana orbits 
whose tips drift radially of a step Δr at each 
bounce until the banana orbit intercepts the 
separatrix. Given the direction of the current 
and magnetic field in DTT, this happens at θ < 0.  

It should be noted that both the prompt and 
resonant losses scale with the orbit width of the considered particles (Δ ~ q ρL for the far passing beam ions, 
and Δ ~ sqrt(2R/r) q ρL for the banana-trapped fast ions, with q the safety factor, ρL the Larmor gyroradius of 
the fast ion, R the major radius and r the minor radius), and thus, because of the safety factor dependence, 
both are reduced when plasma current is increased (see, e.g., Ref. [7.7]), although a precise evaluation would 
require detailed calculations. 

The final positions in poloidal (θ) and toroidal (ζ) 
angle of lost particles are projected on the 
separatrix surface (Rζ, L) where L is the distance 
along the separatrix from the midplane towards 
the X-point and R = R0 + r, r being the radius of the 
LCFS. In this way, Rζ is the distance in cm along the 
toroidal direction on the equatorial plane. Then 
the plane (Rζ, L) is cut into bins to obtain a 2D 
histogram of the losses distribution that is used to 
evaluate the associated heat flux. The map of 
power loads, Pdep(Rζ,L) is shown in Fig. 7.2 in the case of a 40×10 binning. The statistics is sufficient to reveal 
toroidal inhomogeneities: heat loads display a toroidal periodicity which is approximately that of the TF ripple 
N = 18. There are also two “hot spots” in Pdep, with the maximum power load Pmax = 19.1 kW/m2 being reached 
in the hot spot placed at Rζ ∼ 600 cm. By comparing Fig. 7.2 with the toroidal distribution of initial positions, 

Fig.7.1: Loss times of ions with 510 keV energy as a function of 
pitch λ = v∥/v, Run with Np = 106 particles and toroidal turns Ntor 

= 2000. Red dots are losses occurring only in simulations with 
ripple, black dots also in those without ripple (prompt losses). 

Fig.7.2: Map of the power load (in kW/m2) calculated with a 40 × 10 
binning. In panel (b) the two vertical, dashed lines mark the injection 
and exit angles, ζinj = 126° and ζout = 210°. 
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Section 7.3 Simulation activity for EP physics 
• Figure 7.4 updated:
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assumed, with constant EPs temperature (450 keV, somewhat lower than the nominal 510 keV), ITER-like EP 
density profile, major radius R0=2.09m and B0=6T [7.10]. 

The study uses the HYMAGYC (HYbrid MAgnetohydrodynamics GYrokinetic Code) suitable to analyze EP-
driven Alfvénic modes in general high-β axisymmetric 
equilibria, with perturbed electromagnetic fields fully 
accounted for. Several EP-driven modes have been 
found. In Fig.7.3 the growth-rate and frequency (both 
normalized to the on-axis Alfvén frequency ωA0) vs the 
toroidal mode number n, in the range n=1-20, are shown. 
Results for purely ideal MHD modes are also given using 
light blue open circles, infernal-like modes driven by EPs 
are shown using black full circles, and EP-driven Alfvénic 
modes are shown using red diamonds. The growth-rate 
for the EP-driven modes looks to have its maximum for 
n≥17. In Fig. 7.4 an example of the power spectra for a 
simulation considering the toroidal mode number n=10 is shown in the plane (s, ω) (s is the normalized radial-
like coordinate, and ω is the frequency): in the left frame an EP-driven mode (EPM) is observed (early 
simulation phase, tωA0 =72), whereas the right frame shows the appearance of an infernal-like mode driven 
by EPs, with a frequency smaller (in 
absolute value) than the EPM (which, 
by the way, is still observable; later 
simulation phase, tωA0 =100). The 
Shear Alfvén and magneto/acoustic 
continua, as calculated by FALCON 
[7.11, 7.12] code are superimposed: 
larger and darker symbols refer to 
Alfvénic oscillations, while smaller and 
lighter ones to ion sound waves. 

To properly simulate EP physics in 
DTT, it is essential to have realistic 
scenarios with on-axis q values that 
are not unrealistically low; and it 
would be desirable to have equilibria 
optimized with respect to medium to 
high-n ballooning modes stability. 
Additionally, the availability of realistic EP distribution functions generated by ICRH and NNBI is crucial for 
accurate simulations, the behaviour of the EP-driven Alfvénic modes possibly being strongly dependent on 
the details of the EP distribution function in phase space. Thus, numerical tools to compute auxiliary heating 
deposition (ICRH, NNBI) will be crucial, as well as experimentally obtained EP distribution function (see 
Section 7.4). 

Recently, moderate-n simulations were performed for a realistic, up-to-date full-power DTT equilibrium. The 
study encompassed both linear and nonlinear EP-driven mode dynamics, considering a slowing-down 
distribution function for the EPs and an off-axis peaked EP radial density profile [7.13]. Indeed, the considered 
equilibrium has a plasma cross-section vertically shifted with respect to the equatorial plane, resulting in a 
configuration in which the NNBI deposited EPs are peaked off-axis. Preliminary single-n simulations of such 

 
Fig.7.3: MARS and HYMAGYC results for a model Full Power 
DTT SN equilibrium: growth-rate (left) and frequency 
(right).  

 
Fig. 7.4: Frequency spectra of the electrostatic potential in the plane (s,ω) as 
obtained by a linear HYMAGYC simulation with mode number n=10. Coloured 
structures refer to an energetic particle driven mode (left, tωA0 =72) and to the 
appearance of the infernal-like mode (right, tωA0 =100). Dots refer to Shear Alfvén 
and magneto/acoustic continua, as calculated by FALCON code; larger and darker 
symbols refer to Alfvénic oscillations, while smaller and lighter ones to ion sound 
waves. 

• Added some sentences on the requirement for HPC resources for using Hybrid MHD-
Gyrokinetic (PIC) codes (IMAS infrastructure and workflows relevance now in Ch. 8)

• Added a comment on the opportunity to investigate the possibility to begin Energetic 
particle studies on DTT during phase 1 scenario B (half current/half toroidal field).  
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Original Diagnostic Section split now in two 
separate sections:

Section 7.4 DTT as a testbed for reactor-relevant 
EP diagnostics

Section 7.5 Diagnostics for Fast Ions vs instabilities 
& turbulence

• Add a brief subsection related to diagnostics for “Direct observation of phase-space 
transport”
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Add new Section 7.6 Headlines of the research 
programme for energetic particles
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 7.6 Headlines of the research programme for energetic particles 
In this section, we summarize the main headlines of the DTT research programme for the EP subject, 
according to the various operation phases of DTT. 

Headlines 
Number Headlines contents Priority  

(+, ++, +++) ITER DEMO 

Construction Phase  2022-2029 

C.7.1 Verification of linear stability of EP driven modes on 
available scenarios with NNBI and ICRH using global 
gyrokinetic codes 

++ * * 

C.7.2 Nonlinear simulations of EP driven modes on 
available scenarios with NNBI and ICRH using global 
gyrokinetic codes 

++ * * 

C.7.3 Numerical study of the EP distribution function in 
phase space (NNBI, ICRH, NNBI & ICRH) ++ *  

C.7.4 Numerical study of EP test particle losses induced 
by magnetic field ripple and in presence of global 
Alfvén eigenmodes. 

++ * * 

C.7.5 Set up IMAS infrastructure and dedicated 
workflows +++   

Phase 1  2029-2034 

1.7.1 Optimization of experimental scenarios to observe 
EP driven modes on Phase 1 scenarios ++ * * 

1.7.2 Validation of linear and nonlinear EP dynamics 
simulation on Phase1 experiments. ++ * * 

1.7.3 Validation of EP distribution function experimental 
reconstruction on Phase1 experiments. ++ * * 

1.7.4  Validation of EP test particle losses simulations with 
experimental observations. ++ * * 

Phase 2  2034-2038 

2.7.1-2.7.4 Same as 1.1-1.4 on Phase 2 scenarios 
++ * * 

Phase 3  2038-… 

3.7.1-3.7.4 Same as 1.1-1.4 on Phase 3 scenarios 
++ * * 
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Continue Section 7.6 ...
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 7.6 Headlines of the research programme for energetic particles 
In this section, we summarize the main headlines of the DTT research programme for the EP subject, 
according to the various operation phases of DTT. 
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Number Headlines contents Priority  

(+, ++, +++) ITER DEMO 

Construction Phase  2022-2029 

C.7.1 Verification of linear stability of EP driven modes on 
available scenarios with NNBI and ICRH using global 
gyrokinetic codes 
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C.7.2 Nonlinear simulations of EP driven modes on 
available scenarios with NNBI and ICRH using global 
gyrokinetic codes 

++ * * 

C.7.3 Numerical study of the EP distribution function in 
phase space (NNBI, ICRH, NNBI & ICRH) ++ *  

C.7.4 Numerical study of EP test particle losses induced 
by magnetic field ripple and in presence of global 
Alfvén eigenmodes. 

++ * * 

C.7.5 Set up IMAS infrastructure and dedicated 
workflows +++   

Phase 1  2029-2034 

1.7.1 Optimization of experimental scenarios to observe 
EP driven modes on Phase 1 scenarios ++ * * 

1.7.2 Validation of linear and nonlinear EP dynamics 
simulation on Phase1 experiments. ++ * * 

1.7.3 Validation of EP distribution function experimental 
reconstruction on Phase1 experiments. ++ * * 

1.7.4  Validation of EP test particle losses simulations with 
experimental observations. ++ * * 

Phase 2  2034-2038 

2.7.1-2.7.4 Same as 1.1-1.4 on Phase 2 scenarios 
++ * * 

Phase 3  2038-… 

3.7.1-3.7.4 Same as 1.1-1.4 on Phase 3 scenarios 
++ * * 

1.7.1-1.7.4

1.7.1-1.7.4
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Observations, questions raised, etc...

• Van Eester:

• Pietro Vincenzi, minor corrections/suggestions:
o ITER acronym;
o add references to Ch. 6;
o mention to ICRH EP;
o repetition with diagnostic for NBI (and ICRH) in Ch. 6
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Typos, corrections in Ch. 7 (version DTT-RP draft_v6.pdf)  

• at p. 112 (Section 7.2): “Toroidal Alfven Eigenmodes (TAE)”  Alfven => Alfvén

• First bullet at p. 112 (Section 7.2):
 “•  Studying the resonance structures created by NNBI ions in the DTT plasma 
on the various scenarios considered for DTT.”

• Headlines: headlines numbering to be updated “1.1-1.4” =>1.7.1-1.7.4
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Next versions of Chapter 7: Energetic Particle Physics-1  

• As a general comment:
o I think there is the need for a greater involvement of the DTT physics group (e.g., 

the participants to the “Call for Services”) in the Research Plan group.

• Section 7.2 NNBI and test particle transport

o Studying the resonance structures created by NNBI ions in the DTT plasma on the 
various scenarios considered for DTT (only full power scenario has been 
investigated for now...)

o Test particle transport: investigating prompt and ripple losses of energetic particles 
and understanding the effects of Resonant Magnetic Perturbation (RMP) coils.

o Simulations also including electromagnetic perturbations generated by the 
energetic particles themselves (EP driven modes) are envisaged.
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• Section 7.3 Simulation activity for EP physics

o To properly simulate EP physics in DTT, it is essential to have realistic scenarios with on-axis q 
values that are not unrealistically low;

o and it would be desirable to have equilibria optimized with respect to medium to high-n 
ballooning modes stability;

o The availability of realistic EP distribution functions generated by ICRH and NNBI is crucial for 
accurate simulations, the behaviour of the EP-driven Alfvénic modes possibly being strongly 
dependent on the details of the EP distribution function in phase space;

o at present, EP studies in DTT have been focused only on full power scenarios, considering an 
EP population generated by NNBI;

o in earlier phases of DTT, a moderate ICRH would be already present (e.g., scenario B during 
phase 1, at half current and half toroidal field, Ip(MA)/BT(T)=2/3 and 
PECRH(MW)/PICRH(MW)=16/4), see Table 2.1): EP effects in this scenario should be 
investigated in the near future;

o comparing DTT results with existing results from other devices like JT-60SA may offer further 
validation and understanding. 

Next versions of Chapter 7: Energetic Particle Physics-2  
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Thank you for your attention! 


