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Abstract. The paper presents the 3D Fokker-Planck modelling results of the distribution function of energetic 
deuterons generated in ITER by 1MeV neutral beam injection. For two basic ITER scenarios we calculate the 
steady-state distributions of beam deuterons in the energy range 100 keV < E < 1 MeV and demonstrate the 
poloidal profiles of the beam deuteron density, of the NBI generated current as well as of the NBI power 
deposition to bulk plasma electrons and ions. Further, we evaluate the capability of gamma and NPA 
diagnostics of NBI ions in ITER.  
 
1. Introduction 
 

Energetic ions generated in ITER by tangential neutral beam injection (NBI) are 
expected to play a major role in achieving and controlling optimal burning plasma scenarios 
with external heating and/or current drive [1]. The investigation of NBI impact on specific 
processes in tokamak plasmas requires detailed information about the distribution function of 
beam ions, which  is  strongly anisotropic  in  velocity  space  and  inhomogeneous  in spatial 

coordinates (e.g. [2-4]).  In order to identify the 
crucial points in the beam physics and to assess 
the diagnostic tools capable of measuring NBI-
produced ions with good accuracy we present 
here results of Fokker-Planck modelling of the 
deuteron distribution function produced in 
ITER by 1MeV NBI and model gamma-ray and 
NPA diagnostic techniques previously used on 
JET [2]. Considered are the distributions of 
beam deuterons in the energy range 100 keV < 
E < 1 MeV for ITER Scenario 2 (standard H-
mode, I/B=15MA/5.3T) and for Scenario 4 
(steady-state, I/B=9MA/5.3T) [5]. For these 
two scenarios Fig. 1 compares the respective 
radial profiles of the safety factor and of the 
Spitzer slowing down time of 1 MeV 
deuterons. A steady-state distribution formed 

by a constant NBI source during the slowing time of a 1MeV deuteron is mostly 
investigated, though – for evaluating the capability of gamma diagnostics of fast ions [6] in 
ITER – the relaxation of the beam deuteron distribution functions after NBI switch-off is 

0

0.5

1

1.5

0 0.2 0.4 0.6 0.8 1

Scenario 2
Scenario 4

ττ ττs
D
: 

s

(Normalised Toroidal Flux)1/2

0

2

4

6

8

Scenario2 
Scenario4

S
af

et
y 

fa
ct

o
r:

 q

Scenario 2 (standard H mode): I/B=15MA/5.3T
Scenario 4 (steady-state, ITB): I/B=9MA/5.3T

 

 

Fig. 1: Radial profiles of safety factor 
and of deuteron Spitzer slowing down 
time, τsD, in ITER scenario 2 and 4 [5]. 
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examined as well. Referring to the specific NBI injection geometry of ITER and considering 
finite beam thickness and divergence, the source of NBI generated deuterons is calculated as 
a 4-dimensional distribution function in real space [4]. Based on this source the steady-state 
deuteron distributions are computed using the 3D in constants-of-motion (COM) Fokker-
Planck code, which was earlier tested in interpretive modelling of beam ions in JET Trace 
Tritium Experiments (TTE) [2]. For the present calculations this 3D Fokker-Planck model 
has been extended to take into account the beam divergence, which is important to obtain a 
higher spatial resolution of the NBI ion distribution function [4].  
 
2. Modelling results 
 

Based on the calculated 3D COM distribution functions of beam deuterons in ITER 
we model the poloidal profiles of the density of energetic deuterons, of the NBI power 
deposition to bulk plasma electrons and ions as well as of the NBI generated current. Similar 
to our simulations in [7, 8] the (R,Z)-profiles of gamma-emission from nuclear reactions of 
beam deuterons with plasma impurities are also modelled as well as the energy spectra of 
neutral deuterium (D0) fluxes induced by beam deuterons. For examining the time evolution 
and relaxation of the deuteron distribution function after NBI switch-off we employ a time-
dependent Fokker-Planck approach that was used for the analysis of the evolution of alpha 
particle induced gamma-emission in JET TTE [9, 10]. 
 
a) Distribution function of NBI deuterons 
 

Figure 2 compares the COM deuteron distributions generated by 16.5MW on-axis 
(left) and 16.5MW off-axis (right) NBI in the steady state ITER scenario in the case of 
standard beam divergence [4]. The red lines in Fig. 2 represent deuterons produced from  
 

  
 

Fig. 2: Contours of the 3D COM distribution function of 1MeV beam deuterons in the 
plane spanned by the normalized magnetic moment λ=µB/E and the maximum radial 
orbit coordinate for 16.5MW on-axis and 16.5MW off-axis NBI in ITER scenario 4 (ITB). 
Red lines denote the beam axis and violet ones show the boundary of the confinement 
domain of co-going particles (solid lines) and that of toroidally trapped particles (broken 
lines). The yellow line corresponds to the separatrix between trapped and circulating 
particles.  

 
neutrals in the vicinity of the beam axis (solid and broken lines correspond to the beam path 
before and, respectively, after the tangency point, Rt=5.28m). The majority of beam ions at 
E=1MeV appears as well-circulating core-localised (rmax/a < 0.3-0.4) particles with a 
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normalized magnetic moment λ ~ 0.4 (Vll/V~0.7-0.8). Clearly seen is the effect of NBI 
direction on the radial profile of 1 MeV beam deuterons. In Fig. 3 we display the modelled 
profiles of the density of energetic NBI deuterons (100keV < E < 1MeV) in the (R, Z)-plane 
for the 4thscenario. While the RHS image shows the poloidal density profile of fast deuterons 
 

 

  
 

Fig. 3: Modelled profiles of the density (m-3) of NBI deuterons (100keV<E<1MeV) in 
Scenario 4 for 16.5MW on-axis (left), 16.5MW off-axis (center) and (16.5MW on-axis 
+16.5MW off-axis) 1MeV D0- NBI (right). 
   

 
generated by two 1MeV D0 beams with 33MW total NBI power (16.5MW on-axis + 
16.5MW off-axis), the two images on the left and in the center illustrate the partial densities 
from 16.5MW on-axis and 16.5MW off-axis injection, respectively. An essential poloidal 
asymmetry of  the density of  beam ions becomes apparent,  which is most pronounced in the  
case of off-axis injection. Figure 4 displays the calculated density profiles of NBI deuterons 

and of fusion alphas in 
the plasma mid-plane 
for scenario 4. The red 
curve represents our 
modelled profile of the 
beam deuteron density, 
which is seen to 
reasonably agree with 
the ASTRA simulation 
in [5] (blue curve). The 
maximum density of 
beam deuterons in this 
scenario is ~1018 m-3 
and amounts to about 
25% of the maximum 
density of fusion 
alphas [11].   

 

b) Current driven by beam deuterons 
 
Due to the strong anisotropy of beam ions in longitudinal velocity (majority of them 

are co-circulating) a significant contribution of beam deuterons to the plasma current can be 
expected. This is confirmed by Fig. 5 that compares, for the 2nd and 4th ITER scenario, the 
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Fig. 4: Mid-plane 
profiles of the 
modelled density of 
NBI deuterons 
(100keV < E < 
1MeV) for the 4th 
ITER scenario. The 
black curve 
represents the mid-
plane profile of 
fusion alphas 
modelled in [11]. 
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mid-plane densities of the beam driven current jbeam(R, Z=Zax), of the total plasma current 
j tot(R, Z=Zax) [5] and of the current  j�(R, Z=Zax) induced by fusion alphas [11].  It is seen that 
the current driven by beam deuterons will constitute a substantial part of the plasma current 
and in the case of Scenario 4 can be even comparable with j tot [5] and the alpha driven 
current jα.  Thus NBI deuterons, by analogy with fusion alphas [11], can noticeably affect the 
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Fig. 5: Mid-plane profiles of the modelled densities of currents driven by beam deuterons, 
jbeam , and by fusion alphas, jα , for the 2nd (a) and 4th (b) ITER scenario 
 

 

plasma equilibrium in ITER, at least in the case of the reversed shear plasma in Scenario 4.  
Note that the total beam driven current jb tot, must include that of beam ions and the electron 

reversed current and can be represented as ( )1 1b tot b b effj j Z g Z = − −  , where g ~ (r/R)1/2 

stands for the trapped electron correction to b totj  [12]. 

 
c) NBI power deposited to the bulk electrons and ions 

 
The important impact of NBI on bulk plasma components is due to the respective  
 

   
 

Fig. 6: Modelled R,Z profiles of the density of NBI power (Wm-3) deposited to the bulk 
electrons (left), deuterons (center) and tritons (right) in Scenario 2. 
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deposition profiles of injection power to plasma electrons and ions. In Fig. 6 we illustrate for 
the 2nd ITER scenario the modelled R,Z distributions of the density of NBI power allocated 
to plasma electrons, Pbe, to bulk deuterons, Pbd, and to tritons, Pbt. The NBI power deposition 
to plasma electrons is characterized by a hollow profile with the maximum Pbe > 
0.01MW/m3 occurring at the high-B side of the plasma (R ~ 5m). This enhanced Pbe at the 
plasma periphery is due to a relatively high slowing down frequency of beam deuterons on 
the electrons υs

D/e ~ 1/τsD at the plasma edge (see Fig. 1). Note that, in contrast to Pbe, the 
NBI powers transferred to plasma deuterons, Pbd, and tritons, Pbt, are localized in the plasma 
core in accordance with the R,Z distribution of slowing down rates of beam deuterons on 
bulk ions, υs

D/i ~ ni, which peak in the plasma center. Interestingly, for the 2nd scenario the 
maximum value of the density of NBI power deposited to bulk deuterons, Pbd , is nearly 
0.02MW/m3, while the maximum of Pbt is of the order of 0.01MW/m3. Similar features of 
NBI power allocations to the bulk plasma components are observed also for scenario 4 as 
shown in Fig. 7. However, in this scenario, the hollow shape of Pbe is less pronounced with a 
maximum of Pbe below 0.01MW/m3. Further, the maximum values of the density of NBI 
power depositions to bulk deuterons and tritons in the 4th scenario exceed those in the 2nd 
scenario by about 40%.  

 

   
 
Fig. 7: Modelled R,Z profiles of the density of NBI power (Wm-3) deposited to the bulk 
electrons (left), deuterons (center) and tritons (right) in Scenario 4. 

 
 

d) Gamma-emission and neutral particle fluxes induced by NBI ions 
 
The knowledge of the beam ion distribution function in 3D COM space allows for 

determination of both the (R, Z)-profiles as well as the temporal evolution of rates of 
gamma-emission from nuclear reactions of beam deuterons with Be and C impurities [6, 9], 
which are viewed important for gamma diagnostics of NBI ions in ITER [13]. Thus the 
spatial (R,Z)- distributions of beam deuterons can be well reproduced from the profiles of the 
emission rates of -radiation produced in reactions of energetic deuterons with plasma 
impurities. This is demonstrated by Fig. 8 representing the Fokker-Planck calculations of 
3.09 MeV γ-emission rates due to 12C(d, p�)13C interactions of beam ions and 2.5% carbon 
impurities. It is seen that, in the steady state scenario, the maximum gamma-emission rate Rγ 
amounts to higher values than in scenario 2 and also features a flatter distribution Rγ(R,Z) in 
the core region. This sensitivity of NBI deuteron induced γ-emission profiles to the 
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operational scenario, which is nearly independent of the type of gamma emitting reaction, 
makes multi-channel gamma measurements a viable tool for diagnostics of NBI generated 
ions.  On the other hand,  examining the time  evolution of gamma-emission induced by NBI  

 

 
 

Fig. 8: Modelled profiles of 3.09MeV  γ-emission  rates from 12C(d,p�)13C reactions  in  
m-3s-1 in the case of superposition of 16.5MW on-axis and 16.5MW off-axis injection for 
the 2nd scenario (left) and the 4th scenario (right). 

 
deuterons can give us information about slowing down and loss rates of beam ions. The 
capability of such gamma diagnostics of beam ions can be illustrated by a qualitative 
analysis of Rγ based on a 1D Fokker-Plank model [9]  
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where  S(E,t)  is the time-dependent source term of  NBI ions,  γσ  specifies the cross section 

of the considered nuclear reaction of deuterons with impurity ions, Emin denotes the energy 
threshold for this reaction, �l the average loss time and  Ec ~ 20Te the critical energy [14]. 
Taking S(E,t) ~ δ(E-E0) (-t), where δ(x) designates the Dirac delta function and (x) the 
Heaviside step function, we obtain from Eq. (1) the following expression describing the 
temporal evolution of Rγ  after NBI has been switched off at t=0: 
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Figure 9 demonstrates such an evolution of gamma emission produced by 9Be(d,n�)10B 
interactions of beam deuterons and beryllium impurities after NBI switch-off. The gamma 
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emission rates are seen to decay faster when the critical energy of deuterium ions is higher 
and  their  confinement  is  degraded.   In   the   case  of  well  confined  beam  deuterons  the 

characteristic time of Rγ -decay is about  
0.2�sD  at low Ec=100 keV and decreases 
to  ~ 0.1�sD at Ec=500 keV. Poor 
confinement associated with �l < 0.1�sD 
will significantly enhance the decay rates 
of gamma emission. Thus we conclude 
that for the experimental assessment of 
the slowing-down and/or loss rates of the 
beam deuterons the gamma 
measurements with about 50ms time 
resolution are required.  

An examination of the 
confinement of NBI ions in ITER 
plasmas may be undertaken also by 
analyzing energetic neutral particle fluxes 
emitted from the plasma, which are 
mainly formed by recombination and 
charge exchange reactions of NBI 
generated deuterons. Knowledge of the 
distribution functions of beam ions in 3D 
COM space as well as of the bulk 
electrons and background neutrals allows 

to simulate the energy spectra of D0 neutrals produced by NBI deuterons. The modeling 
carried out demonstrated a prominent sensitivity of these spectra to the plasma scenario 
chosen and confirms the capability of NPA diagnostics of NBI ions in ITER.  
 

3. Summary 
 

Our Fokker-Planck modelling of NBI deuterons in ITER makes evident the 
sensitivity of the spatial and velocity distributions of NBI generated ions to different 
operation scenarios. NBI deuterons are shown to be strongly anisotropic over their 
longitudinal energy resulting in a substantial beam driven current. In the steady-state 
scenario this NBI induced current is, in the core region, even comparable to the total plasma 
current.  The poloidal profiles of the density of beam deuterons as well as of the NBI power 
deposition to electrons and to bulk plasma ions are calculated. The simulations performed 
demonstrate the potential of NBI ion diagnostics in ITER via measurements of gamma-
emission from nuclear reactions of fast ions with Be and C impurities, and also via neutral 
particle detectors analyzing the fluxes of energetic deuterium neutrals launched from the 
plasma. 
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Fig. 9: Evolution of 2.87 MeV gamma 
emission from nuclear reactions of beam 
deuterons with 2,5% beryllium impurities 
after NBI switch-off. 
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