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1.  Introduction

The power deposited by the alpha particles produced in D-T 
reactions will be the main heating source available to com-
pensate the losses and keep the plasma temperature constant. 
All the processes that affect the confinement of high energy 
alpha particles can therefore modify the performance of the 
reactor. On the other hand, low energy alpha particles (helium 
ash) must be removed to avoid the dilution of the fuel and the 
reduction of the fusion power. Coulomb collisions produce an 
unavoidable particle transport but other (‘anomalous’ ) pro-
cesses can result in significantly higher transport rates. These 
include large scale MHD fluctuations, Alfvèn eigenmodes, 
microturbulence, toroidal ripple, and perturbations produced 
by ELM control coils.

Inelastic collisions, in particular collisions that change the 
charge state of the alpha particles, can also produce significant 

transport. This process, which we call ‘inelastic transport’, 
was first studied by Fussmann [1] who derived analytic 
expressions for the diffusion coefficient resulting from charge 
changes. When these equations were applied to alpha particles 
confined in the core of the reactor and subjected only to radia-
tive recombination (RR) processes the diffusion coefficient 
resulted negligible.

We have recently presented analytical calculations and 
particle simulations that show that charge changing processes 
can significantly increase the diffusion of alpha particles in 
the pedestal-edge-SOL regions [2]. A simple 1D model was 
employed in [2], and only the interaction of the alpha parti-
cles with the plasma species, He+ and neutral deuterium (both 
atomic and molecular) and helium were included. The cross 
sections of these processes were obtained from the existing 
databases [3] but it is clear that more, and more accurate, 
atomic data are needed.
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The main conclusion of [2] is that once the alpha particles 
reach the pedestal region, charge changing processes become 
important and therefore calculations of the alpha particle flux 
to the wall and divertor should include them. Another impor-
tant finding is the existence of an inward flux of alpha particles 
that further reduces their density near the separatrix, which is 
the region where the confinement can be significantly affected 
by the toroidal field ripple and the perturbations produced by 
ELM control coils.

Here we present new results, obtained with the same numer
ical code but a more realistic (2D) equilibrium and improved 
initial conditions. Classical (elastic) Coulomb collisions have 
been added, and this allows us to compare the results obtained 
when only elastic collisions are included with those obtained 
when both elastic and inelastic collisions are considered. We 
find that the addition of inelastic collisions actually reduces 
the alpha particle loss rate below the level obtained when only 
elastic (Coulomb) collisions are included. This is due to the 
inward flux produced by the neutral density gradient. Power 
losses, on the other hand, remain at approximately the same 
level because the average energy of the lost particles is higher 
when inelastic collisions are included. Finally, the spatial 
distribution of the lost particles changes significantly when 
inelastic collisions are added, with a larger fraction of the lost 
particles reaching the wall.

The structure of this paper is the following. In section 2 
we introduce the numerical code employed. In section 3, we 
use the results obtained in a simple, 1D, case to discuss the 
basic physics of the transport produced by charge changes. In 
section 4, we introduce the 2D equilibrium employed (ITER 
inductive scenario) and the assumptions regarding the dis-
tribution of the alpha particles in velocity and configuration 
space. Section 5 contains the results of the simulations and 
section 6, the summary and conclusions.

2.  Numerical code

The numerical code employed and the atomic processes 
included are the same as in [2]. The code calculates the exact 
alpha particle trajectories by solving Newton’s equation with 
the Lorentz force and an additional term to account for the 
effect of elastic collisions,
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where v̇ ce  is the elastic collision term [4] and q(t) reflects the 
fact that the effect of inelastic collisions is introduced by 
allowing the particle charge to change. The probability of a 
charge changing event is introduced via a Monte Carlo type 
method, where the probability of each process is taken pro-
portional to the corresponding collision frequency. The elec-
tric field is assumed to be zero and the orbit integrator is the 
well-known Boris’ algorithm [5, 6]. The code runs on a GPU, 
thus allowing calculations with a large number of particles in 
a short time using modest computational resources.

3.  1D case

Here we consider a 1D case and present some results that illus-
trate the basic features of the physical processes involved in 
the inelastic interaction of alpha particles with the plasma and 
neutral species. In what follows the ‘neutral’ density includes 
the contribution of all the species that can transfer electrons 
to the alpha particles, thus reducing their charge. These spe-
cies appear in the LHS of equations (12.a) and (12.b) of [2] 
and also include He+ , which is not neutral. All these species 
are considered ‘cold’ in the sense that their average energy 
is much less than the alpha’s and hence, their distribution 
function is assumed to be a delta function. There is very little 
information about the relative fractions of each of these spe-
cies. We assumed a 30% fraction of D0, D2

0 and He+ and a 10% 
fraction of He0 but changing these fractions will not produce 
significant changes in the results because the reaction rates are 
similar (except perhaps for He+ ) in the energy range where 
inelastic collisions can be important.

Figure 1(a) shows the evolution of a Gaussian alpha par-
ticle density profile in a plasma with uniform density ( =ne  
1020  m−3), temperature ( =T 4e  keV) and magnetic field 
(B  =  5.3 T) and a uniform neutral density equal to 0.35% of 
the electron density (0.35  ×  1018 m−3). All the alpha particles 
have an energy of 300 keV and Coulomb collisions are not 
included.

It is clear that charge changing processes produce the rapid 
diffusion of the alpha particles. Assuming that a standard dif-
fusion process occurs, where the variance increases linearly in 
time, the diffusion coefficient is calculated as:
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N is the total number of particles, ri(t) is the position of par-
ticle ‘i’ and r̄ is the position of the center of mass. The result 
obtained from the simulation (D  =  20.0 m2s−1) agrees very 
well with the result obtained applying equation  (11) of [2] 
( =D 20.6 m2s−1).

Figure 1(b) was obtained using the same plasma and magn
etic field parameters as in figure  1(a), and a non uniform 
neutral density profile which is the 1D equivalent to the one 
described in the next section ( =n 10n0

18 m−3). We note that in 
this case the alpha particle distribution moves in the opposite 
direction to the neutral density gradient. For the parameters 
employed in this case the average velocity of the displace-
ment, calculated from the position of the maximum at t  =  0 
and at =t 1 ms, is 50 m s−1. This velocity is very sensitive to 
the neutral density gradient and decreases rapidly with it. The 
underlying microscopic mechanism responsible for this dis-
placement was qualitatively explained in [2]. Since the distri-
bution moves towards a region with lower neutral density the 
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diffusion (spreading) is reduced, compared with the case with 
uniform neutral density. We will see below that the inward 
motion produced by the neutral density gradient has important 
consequences for the transport of alpha particles in realistic 
2D equilibria.

4.  2D Equilibrium and initial conditions

The 2D equilibrium employed was obtained from a numerical 
solution of the Grad–Shafranov equation  that includes the 
vacuum region and the contribution of the external coils. The 
magnetic field and the basic plasma parameters are similar to 
those expected for the standard ITER inductive scenario [7]. 
In particular, we assumed a peak electron temperature (Te0) of 
25 keV, a peak electron density (ne0) of 1020m−3 and a vacuum 
toroidal magnetic field on axis of 5.3 T.

Figures 2–4, show, respectively, the cross section, with the 
flux surfaces and the chamber wall, the safety factor profile 
and the density and temperature profiles. In these figures  the 

‘radial’ coordinate (ρ) is the square root of the toroidal flux. The 
details of the profiles in the outer plasma region are important 
for our calculation. Thus, we carefully matched different spa-
tial dependencies to construct the plasma and neutral density 
profiles. For the electron density we assumed a uniform profile 
from the core to the pedestal (located at ρ = 0.95), a hyperbolic 
tangent from the pedestal to the separatrix and an exponential 
decay from the separatrix to the wall. In the region between the 
core and the pedestal the electron temperature was obtained by 
assuming an ideal gas law ( =T p ne e/ ), where the pressure was 
obtained from the Grad-Shafranov equation. From the pedestal 
to the wall the assumptions used for the temperature are the 
same as those employed for the electron density.

Table 1 indicates the values of the electron density and 
temperature at specific points, where different functional 
dependencies are matched. The values at the separatrix and 
wall are similar to those proposed by Kukushkin et al [8, 9]. 
Finally for the neutral density we employed an exponential 
decay from the separatrix to the plasma core and a hyper-
bolic tangent from the separatrix to the wall. The values 
employed for the neutral density are similar to those obtained 
by Afanasyev et al [10] at the plasma core and by [11, 12] at 
the wall. Most of these functional assumptions are very sim-
ilar to those employed in [13]. In what follows the quantity 
nn0 indicates the neutral density at the wall. We normally 
used =n 10n0

18 m−3 (1% of the peak electron density) but 

Figure 1.  Evolution of an alpha particle Gaussian profile in a 
uniform plasma. The plasma conditions are =B 5.3 T, =T 4e  keV 
and =n 10e

20 m−3. In (a) a uniform neutral density was used 
( = ×n 0.35 10n

18 m−3) while in (b) a non uniform neutral density, 
with =n 10n0

18 m−3, was employed (shown with a dashed line).

Figure 2.  ITER vacuum vessel, separatrix and flux contours. Here, 
=a 2 m is the usual minor radius.
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=n 10n0
17 m−3 and ×5 1018 m−3 were also employed. These 

last values are unrealistic and were used to illustrate the effect 
of atomic processes in extreme cases.

Our simulations cover the region above the oblique dashed 
red line (see figure 2) that touches the lower tip of the separa-
trix (green), including the area between the separatrix and the 
wall. Particles that cross the dashed line are assumed to be lost 
to the divertor. The inner plasma region, with ρ< 0.6, is not 
included because the effect of inelastic collisions is negligible 
in this zone.

The alpha particles are loaded with a spatial distribu-
tion that has a Gaussian shape, with a its maximum at ρ = 0 

and a normalized width of approximately 0.33 (black line 
in figure 5). Their initial velocity distribution is an isotropic 
slowing down distribution function. Starting with this initial 
condition, the code is run for 1 ms without collisions to elimi-
nate poorly confined particles (first orbit losses). This results 
in a particle redistribution due to the curvature and ∇B drifts 
that produces the profile shown with a red line in figure 5.

The results presented below were obtained from simula-
tions with 2– ×4 105 particles that were followed for approxi-
mately 30 ms, or until they hit the wall or cross the dashed red 
line at the bottom of figure 2. Knowing the individual particle 
trajectories it is very simple to calculate all the quantities pre-
sented below. The particle loss rate is calculated by counting 
how many particles reach the wall or divertor in a given time 
interval and dividing by the time interval. A similar proce-
dure is employed to calculate the energy loss rate (power), 
except that in this case we add the energies of all the lost 
particles. The density of alpha particles inside the separatrix 
is also calculated using the information about the individual 
particle positions. The curves shown in figure 8 represent flux 

Figure 3.  q profile of the equilibrium employed in the simulations.

Figure 4.  Plasma temperature and density profiles and neutral 
density profile normalized with Te0 (25 keV), ne0 (1020m−3) and nn0 
(0.1%, 1% or 5% of ne0), respectively.

Figure 5.  Input and initial conditions for the spatial alpha particle 
distribution. Initial conditions were obtained from the imput 
running the code for 1 ms without any collisions.

Table 1.  Values of the plasma density and temperature at selected 
points, where different functional dependencies are matched.

Pedestal Separatrix Wall

Te (keV) 4.0 0.17 0.01

×n 10e
20( ) m−3 1.0 0.40 0.1

Figure 6.  Loss rate of alpha particles as a function of time for 
different conditions. The simulations were performed with only 
elastic collisions (EC) and with both elastic and inelastic collisions 
(EC+IC).
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surface averages because they were obtained by adding all the 
particles contained between two adjacent flux surfaces and 
dividing by the volume of this region. Finally, the poloidal dis-
tribution of lost particles (see figure 7) is easily reconstructed 
because we know the exact position where each particle hit 
the wall or divertor. Due to the short time of the simulations, 
which is nevertheless enough to reach a quasi stationary state, 
we do not introduce particle sources.

5.  Results

Figure 6 shows the loss rate of alpha particles as a function of 
time for different conditions. The curve labelled (1) (EC, red) was 
obtained including only elastic (Coulomb) collisions, while all 
the others include both elastic and inelastic collisions (EC+IC). 
Curve (2) (EC+IC (0.5% uniform), black) was obtained with a 
uniform neutral density of ×0.5 1018 m−3 (0.5% of the max-
imum electron density) while all the others, ((3), (a)–(c)) have 
the same type of profile as in figure 4, with =n n 0.1%n0 e0/  ((a), 
blue), 1% ((b), magenta) and 5% ((c), green).

Comparing curves (1) and (2), we note that including 
inelastic collisions with a uniform neutral density profile pro-
duces a very large increase in the loss rate. This is consistent 

with the large diffusion coefficient obtained for the 1D case 
(see section  3 above) and the results presented in [2] for 
parameters typical of the pedestal-edge-SOL regions.

When curve (1) is compared with the curves obtained with a 
non uniform neutral density profile ((3), (a)–(c)) two interesting 
features appear. The first one is that although the initial loss rate 
is higher when inelastic collisions are included, the stationary 
value is higher for the case which only has elastic collisions. 
The second one is that although the initial loss rate increases 
with the neutral density the stationary loss rate is approxi-
mately the same for the cases with nn0  =  1 and 5%. Finally, we 
note that the case with =n 0.1%n0  already shows a significant 
reduction of the loss rate. The lower loss rate obtained when 
inelastic collisions are included can be explained using the 
results presented in the previous section and in [2]. The inward 
particle flux produced by the neutral density gradient reduces 
the outward fluxes produced by elastic and inelastic collisions.

When there are only elastic collisions almost all the lost 
particles reach the divertor and there is a negligible flux to 
the wall. When inelastic collisions are added, the fraction of 

Figure 7.  Poloidal distribution of lost particles with only elastic collisions (EC) and with both elastic and inelastic collisions (EC+IC) with 
=n n 1%n0 e0/ .

Figure 8.  Initial (curve (0)) and final (curves (1) and (2) (a)–(c)) 
alpha particle density profiles. Figure 9.  Total lost power as a function of time for different 

conditions. The simulations were performed with only elastic 
collisions (EC) and with both elastic and inelastic collisions 
(EC+IC).
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particles reaching the wall increases significantly. Considering 
the situation at the end of the simulations, when the initial 
transient has disappeared the fraction of lost particles reaching 
the wall is 5.6% when there are only elastic collisions and 
32.1% when inelastic collisions, with =n n 1%n0 e0/ , are 
added. The remaining particles cross the red dashed line of 
figure 2 and are assumed to be lost to the divertor. Figure 7 
shows the poloidal distribution of the particles lost in the time 
interval 10 ms < <t 30 ms for two cases. The curve labelled 
EC (red) was obtained including only elastic collisions while 
the curve labelled EC+IC (black) includes both inelastic and 
elastic collisions, with =n n 1%n0 e0/ . It is clear that the addi-
tion of inelastic collisions produces a significant increase in 
the number of lost particles that reach the lower half of the 
outer wall ( π φ π< <3 2 2/ ). This is very important because the 
additional particle (and energy, see below) flux could result in 
a larger than expected wall damage and particle recycling.

Figure 8 shows the initial alpha particle density profile ((0), 
black) and the final profiles obtained with elastic collisions 
alone ((1), red) and elastic plus inelastic collisions with dif-
ferent neutral densities ((2), (a)–(c)). We can see that elastic 
collisions produce a small reduction of the density near the 
edge but no significant changes in the shape of the profile. 
When inelastic collisions are added the shape of the density 
profile changes significantly. The region near the separatrix 
is depleted of alpha particles and a gentle maximum appears 
between ρ = 0.8 and ρ = 0.9. This maximum is produced by 
the inward flux described above and in [2] (see figure 7 of this 
reference). The maxima observed in [2] were sharper for three 
reasons: first, all the particles had the same energy; second, 
there were no elastic collisions; third, the particle profile was 
flatter than the one used here.

The particle loss rate is important but the energy loss rate, 
which is obtained by adding the energies of the lost particles, 
is also very important. Figure  9 shows the energy loss rate 
(power) for the same conditions as in figure 6. We note that 
although more particles are lost when there are only elastic 
collisions, the power loss rate at the end of the simulations, 
when the initial transients have disappeared, is approximately 
the same in all cases. This means that the average energy of the 
lost particles is larger when inelastic collisions are included. 
This behaviour can be explained by noting that the classical 
collision frequency increases as the energy of the alpha par-
ticle decreases while the inelastic collisions frequencies of the 
processes considered have maxima at energies between 100 
and 1000 keV. Figure 10 shows the energy distribution of lost 

particles with, and without, inelastic collisions. When there 
are only elastic collisions the energy distribution of particles 
lost to the divertor (figure 10(b)) peaks at a very low energy 
while the distribution of those reaching the wall is very broad 
and has its maximum value above 1000 keV (figure 10(c)). 
Since the fraction of particles lost to the divertor is much larger 
than the fraction lost to the wall, the energy distribution of all 
the lost particles is very similar to the distribution of those 
reaching the divertor (figure 10(a)). When there are elastic and 
inelastic collisions the total (figure 10(a)) and divertor (figure 
10(b)) distributions have maxima at around 400 keV while the 
distribution of those reaching the wall (figure 10(c)) has an 
absolute maximum at a very low energy and relative maxima 
at �E 1000 keV and �E 1700 keV.

6.  Summary and conclusions

We presented the results of extensive numerical simulations 
of the effect of inelastic collisions on the transport of alpha 
particles. The equilibrium and plasma parameters employed 
correspond to the standard inductive scenario predicted for 
ITER. Our most important findings can be summarized as 
follows:

	 (i)	The addition of inelastic collisions reduces the loss rate 
of alpha particles in the stationary regime. This is due to 
the existence of an inward flux produced by the gradient 
in the neutral density.

	(ii)	Including inelastic collisions changes significantly the 
spatial distribution of lost particles. In particular, the frac-
tion of lost particles reaching the wall is much larger with 
inelastic collisions.

	(iii)	Although the particle lost rate is reduced when inelastic 
collisions are included, the energy loss rate (power) 
is approximately the same in all cases. This is due to a 
change in the energy distribution of the lost particles that 
results in a higher average energy of the lost particles in 
the case with inelastic collisions.

Since atomic processes change the spatial and energy dis-
tribution of the lost alpha particles it is clear that they should 
be included in the calculation of the energy and particle fluxes 
reaching the wall and the divertor. It is also clear that other 
atomic processes, for example the interaction of the alpha 
particles with high Z impurities (i.e. Tungsten), should be 
probably included and that more, and better data on the cross 
sections  is needed. Our calculations did not include other 

Figure 10.  Energy distribution of lost particles with (EC+IC) and without (EC) inelastic collisions.
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processes that will increase the flux of alpha particles from the 
core to the outer region, such as Alfvèn eigenmodes, sawteeth 
and microturbulence, and processes that specifically affect the 
plasma edge, such as toroidal field ripple and ELM control 
coils. These should be included in future studies but it is clear 
that if atomic processes produce very large changes when only 
classical collisions are included they will continue to do so if 
other loss mechanisms are added.

Finally, it would be very useful if our findings could be 
checked by performing dedicated experiments in present 
devices. One possibility would be to inject a He neutral beam 
with an energy of around 100 keV in the outer plasma region 
to try to establish a high enough alpha particle density in this 
region and measure the resulting losses and profiles. These 
experimental results could be then compared with the results 
obtained with our code for the same conditions.
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