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The dynamics of the neutral beam injection fast ions in the TJ-II stellarator is studied in this paper

from both the theoretical and experimental points of view. The code Integrator of Stochastic

Differential Equations for Plasmas (ISDEP) is used to estimate the fast ion distribution function

in 3D:1D in real space and 2D in velocity space, considering the 3D structure of TJ-II, the

electrostatic potential, non turbulent collisional transport, and charge exchange losses. The results

of ISDEP are compared with the experimental data from the compact neutral particle analyzer,

which measures the outgoing neutral flux spectra in the energy range E 2 ð1� 45Þ keV. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4793731]

I. INTRODUCTION

The characterization and optimization of neutral beam

injection (NBI) lines are important issues in order to maxi-

mize the performance of experimental fusion devices.

Several diagnostics, as fast ion loss detectors1 and neutral

particle analyzers (NPA),2,3 are devoted to measure physical

quantities related to the fast ion population in the plasma.

The properties of fast ion confinement and thermalization

and, indeed, the energy transferred to the plasma and lost in

the process have influence on the bulk confinement through

a variety of processes including the onset of instabilities,

electric fields, and plasma rotation.4 In the present paper, we

study the fast ion distribution function in TJ-II from both the

experimental and theoretical points of view.

Having a detailed description of the velocity distribution

function is important to estimate the heating of electrons and

ions, the contribution of fast ions to the general plasma

parameters, and to identify instabilities that may degrade the

confinement.5

The TJ-II stellarator6 is a medium size flexible heliac

with B � 1 T, major radius R0 � 1:5 m and minor radius

a � 0:2 m. The NBI heating system is formed by two tan-

gential NBI lines, co and counter directed to the magnetic

field, with a total power in the torus of PNBI � 2� 450 kW

and energies of 10, 15, and 30 keV.

It has been shown in a previous work7 that the Spitzer

theory of fast ions slowing down is not valid in TJ-II due to

the large banana width and nonlocality of the fast ion orbits.

Thus, fast ion distribution models that rely on this theory

cannot be applied here (see Ref. 8). We overcome this prob-

lem using the Integrator of Stochastic Differential Equations

for Plasmas (ISDEP) code, which can deal with any kind of

particle orbit.

This device is equipped with four NPA diagnostics.2

Three of them measure the thermal ion Charge eXchange

(CX) losses: one tangential to the magnetic field (model

Acord-24), and two perpendicular (model Acord-12).9 The

fourth detector, a Compact NPA (CNPA),10 is co-directed

tangentially to the magnetic field and it is calibrated in the

high energy range: E 2 ð1; 45Þ keV. All four NPA detect the

neutral flux in their Line Of Sight (LOS). In the present

paper, we focus on the tangential CNPA system of TJ-II for

high energy ions because its LOS is directed towards the

NBI line number 1 (see Fig. 1).

The main results presented here are the simulated fast

ion distribution function and the reconstruction of the CNPA

experimental data. In this way, it is possible to characterize

the fast ion dynamics with the physical processes imple-

mented in ISDEP.

The layout of this paper is organized as follows. In

Secs. II and III, we describe the CNPA in TJ-II and the

ISDEP code. In Secs. IV and V, we present the results

regarding the fast ion energy spectrum and finally in Sec. VI

we summarize and extract our conclusions.

II. THE CNPA DETECTOR IN TJ-II

The tangential CNPA in TJ-II is formed by an array of

16 detectors or channels, each one corresponding to a parti-

cle energy between �1 keV and 45 keV, although we will

limit our analysis to 5–30 keV as will be discussed in the fol-

lowing sections. Each channel has a particular width and

efficiency (quotient between the detected and real number of

neutral particles) associated, which must be considered to

reconstruct the fast ion spectrum. Fig. 2 shows the energy

channels together with their detected energies, widths, and

efficiencies. The channel efficiency increases with the

energy, so, in principle, the higher part of the spectrum will

be better determined than the lower energy part.

Fast ions can produce a slow ion and a fast neutral

through CX processes. Whenever a fast ion is neutralized by

a collision with a low energy neutral, a high energy neutral is

produced and escapes from the plasma. Only those ions that

are neutralized in the detector LOS and have the appropriate

velocity will reach the CNPA. Fig. 3 shows several quantities

1070-664X/2013/20(2)/022507/7/$30.00 VC 2013 American Institute of Physics20, 022507-1
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of interest along the LOS as functions of the distance to the

CNPA: effective radius of the plasma, neutral density, and in-

clination of the field lines for the first TJ-II discharge studied

in Sec. IV.

The neutral density profile is obtained using the EIRENE

code11 adapted to TJ-II (see the works by Guasp et al. in Ref.

12). We consider a 1D profile, obtained by averaging the

local three dimensional neutral density evaluated by

EIRENE. EIRENE input is given by the transport code Proctr

(see Ref. 13 and references therein) and takes into account all

the relevant atomic physics phenomena together with the neu-

tral transport. This estimation implies some uncertainty in the

neutral density profile since the local neutral density can vary

mainly poloidally due to the shape of the vacuum vessel. It

presents a groove very close to the plasma with a strong

plasma-wall interaction. EIRENE runs varying the input pa-

rameters in the range defined by their error-bars until the cal-

culated and the experimental Ha emission are consistent.14

The neutral density is then taken from this last run.

The 1D cold neutral density is plotted in Fig. 4 with

other relevant profiles for the simulations. The inclination

of the field lines with respect to the LOS, defined by

cos n ¼ �B � D=ðBDÞ, is important to determine the ratio of

vjj and v? of the particles that reach the detector. The vector

D is in the direction of the LOS, starting at the CNPA array.

The CNPA diagnostic is oriented approximately tangential

to the magnetic field and the LOS passes near the magnetic

axis. Due to its location in TJ-II, it presents a good signal to

noise ratio only when NBI line number one is working, i.e.,

when the neutral flux is high enough.

From Ref. 2, the neutral particle flux to the detector per

unit of time in the energy interval DE is

FðEÞDE ¼ AXs

ðDmax

0

exp �
ðx

0

aðlÞ dl

� �
Sðx; vÞ dx: (1)

The CNPA array is supposed to be at x ¼ 0 and the LOS

crosses the plasma in the interval x 2 ð0;DmaxÞ. The factors

A and Xs are the area and solid angle viewed by the detector.

Sðx; vÞ is the source term that is the product of the fast ion

distribution, the Jacobian of the coordinates, and the fast

neutrals birth rate

Sðx; vÞ ¼ f ðx; vÞ Jðx; vÞ nnðxÞrCX v: (2)

The exponential factor in Eq. (1) is the attenuation coeffi-

cient, which takes into account possible reionizations of the

fast neutrals before they enter the detector. For the plasma

parameters under consideration (vth;i � v), the coefficient a
can be simplified to2

aðlÞ � nðlÞ rp þ rCX þ
hrevei0

v

� �
: (3)

Here, n(l) is the plasma density, equal for ions and electrons.

The cross sections rCX and rp are functions of the energy15

and are plotted in Fig. 5 together with the electron ionization

rate coefficient. In the latter, the subindex 0 indicates that it

is calculated with an unshifted Maxwellian distribution,

FIG. 2. CNPA channels and energy width (error bars in the plot, usually

smaller than the symbols) and efficiency. Measurements in the low energy

channels are not precise because these channels overlap in energy.

FIG. 3. Plasma parameters (effective radius, inclination of the field lines,

and neutral density) as a function of the distance x along the LOS (sector

B2, tangential port).
FIG. 1. Geometrical scheme of the NBI lines and line of sight of the CNPA

in TJ-II (top view). In TJ-II, the plasma column has a vertical excursion of

DZ � 50 cm every period (90�), so the CNPA LOS does not look straight to

NBI#1.

022507-2 Bustos et al. Phys. Plasmas 20, 022507 (2013)
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since v� vth;e. It is observed that rCX dominates over rp,

while the electron contribution is non negligible only in the

high energy range.

III. THE ISDEP CODE

ISDEP is a Monte Carlo code that calculates the fast ion

distribution function f ðq; vjj; v?Þ for stationary discharges in

a fusion plasma.16 It is based on the equivalence between the

Fokker-Planck and Langevin equations and takes into

account the full 3D movement of the ion guiding center and

collisions with other ions and electrons from the background.

The electric potential is assumed to be constant in the flux

surfaces and is given as an external input, as well as the

plasma temperature and density profiles.

ISDEP works in Cartesian coordinates in 3D spatial

geometry, so it is appropriate to study ion transport in stella-

rators, including the scrape-off-layer (SOL) region. In this

work, we have added the charge exchange phenomenon to

the code and calculated its influence on ion dynamics, which

was not included in former versions of ISDEP.

The fast ion initial state for ISDEP is provided by the

FAFNER2 code.17 We use the first part of the code, which

solves the neutral transport from the injector port until the

neutrals are ionized by collisions with the plasma. In this

way, we obtain the initial points of the trajectories integrated

with ISDEP. The energy composition of the NBI fast atoms

inside the injector is 20% of 10 keV, 25% of 15 keV, and

55% of 30 keV.18 This composition is determined experi-

mentally by means of spectroscopy in the duct region of the

injector. It is found to be different from the NBI line nominal

value: (10:10:80)%. After running FAFNER2, this composi-

tion changes by the energy dependent shine-through losses

that affect the beam energy spectra. The final distribution

presents three peaks in energy, at 10, 15, and 30 keV with a

composition of 24%, 33%, and 43%, respectively. The input

beam suffers approximately 21% of shine-through losses.

Using these input data, ISDEP integrates �105 trajecto-

ries and reconstructs the steady state distribution function of

the fast ion ensemble.7 Around 5000 CPU-hours in the

EULER supercomputing cluster at CIEMAT were needed to

achieve the results presented in this paper.

There are two ion loss mechanisms implemented in

ISDEP: collisions with the vacuum vessel and CX losses. The

vacuum vessel in TJ-II has a complex 3D geometry and it is

implemented in ISDEP, taking advantage of the use of

Cartesian coordinates in the trajectory integration. As has

been mentioned above, CX losses have been recently included

in ISDEP using the following model. We assume that CX

processes are represented locally by a Poisson distribution of

typical time sCX and terminate the ion trajectories according

to this distribution. The average lifetime sCX of an ion moving

with speed v in a plasma with cold neutral density nn is

sCX ¼
1

nn rCX v
: (4)

The charge exchange cross section rCX is a function of the

ion energy (see Ref. 15). Taking nnðqÞ as the surface average

of the 3D cold neutral density, the sCX profile can be seen in

FIG. 5. Left plot: cross sections for the atomic processes in the fast ion detection.15 The charge exchange (rCX), ionization protons impact (rp) and electron

impact (hverei0=v) cross sections are expressed in terms of the fast particle energy (E). The ionization by electron impact rate (hverei0=v) depends on the back-

ground electron temperature Te. In this case, it is plotted for Te ¼ 100 eV. Right plot: dependency of the electron impact ionization rate coefficient with the

electron temperature. It is approximately constant for the TJ-II electron temperatures in NBI discharges (100 eV < Te < 300 eV).

FIG. 4. Left plot: plasma profiles used in

ISDEP for the comparison with the

CNPA: density, electron and ion temper-

atures, electric potential, and neutral den-

sity. Right plot: Spitzer slowing down

time,4 showing that the typical timescale

of this system is a few milliseconds.

022507-3 Bustos et al. Phys. Plasmas 20, 022507 (2013)
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Fig. 6 for the plasma column and the SOL, where we define

the normalized radius as follows. The last closed magnetic

surfaces are defined in TJ-II by the vacuum chamber that

limits the plasma, fixing q ¼ 1. Outside that position, vac-

uum magnetic surfaces still exist with a defined value of the

magnetic flux, although they are cut by the vacuum chamber.

This fact allows us to define a normalized minor radius in

the SOL, satisfying q > 1, and to follow particle trajectories

in the region.

When an ion is neutralized, we follow the straight line

trajectory and allow the possibility of further reionizations.

As in Sec. II, the fast neutral average lifetime is

sreion ¼
1

nvðrCX þ rpÞ þ nhrevei0
: (5)

This factor is important because the plasma density n is

much higher than the neutral density. With the typical neu-

tral speeds v that we are considering, the neutral lifetime is

approximately: 10�6�10�5 s, corresponding to a mean free

path of 0:1�1 m. No energy loss is considered in the trajec-

tory of the fast neutrals.

Additionally, we will end the trajectory of any fast ion

whose energy reaches 2 keV. This artificial loss mechanism

is used to save CPU time and is valid as long as we are not

interested in the low energy region of the spectra.

We will see in Sec. IV that the typical lifetime of a fast

ion is of the order of one millisecond. This implies that CX

processes are not negligible only for low energies and in the

external part of the plasma. In any case, we always take

them into account in these simulations. During their life-

times, fast ions explore the whole magnetic surface and thus

the surface averaging of nnðqÞ is valid. For the moment we

only consider nested magnetic surfaces, although ISDEP can

deal with magnetic islands and ergodic zones.

IV. RECONSTRUCTION OF THE CNPA FLUX
SPECTRUM

We perform a set of simulations with ISDEP aiming to

calculate the fast ion flux spectrum and compare it with the

flux measured by the CNPA diagnostic in TJ-II. We must

estimate numerically the steady state distribution function in

the conditions of the experiment and then calculate the neu-

tral flux that reaches the CNPA using Eq. (1).

Usually, the signal of each CNPA channel is very noisy,

so we apply statistical techniques to diminish the dispersion

of the measurements. We choose a set of four reproducible

discharges with a plateau in the CNPA signals that lasts sev-

eral tens of milliseconds. The shot numbers are #18982-85

and were performed in the standard magnetic configuration

(100_44_64). The experimental traces of the discharge

#18982 are shown in Fig. 7 (left), where line density, X-rays,

and NBI traces are plotted. The CNPA signals for shot

#18982 can be seen in Fig. 7 (right). In this shot, the plateau

in the signals lasts for 30 ms. A time average is performed for

each channel in the plateau time interval, and the final spec-

trum is the mean of the four shots chosen. This flux spectrum

is representative as long as the plasma is stationary.

The plasma density and temperature profiles are needed

to run ISDEP, FAFNER2, and EIRENE, while the electric

potential is required also by ISDEP. The density and electron

temperature profiles are the average of the Thomson scatter-

ing signals for these discharges. Ion temperature is taken to

have the same shape as Te, but scaled to the central ion tem-

perature, as is suggested in Ref. 19. The plasma potential is

obtained from the heavy ion beam probe (HIBP) for a typical

NBI discharge.20 Fig. 4 shows these profiles and the neutral

density.

The numerical simulations have been carried out with the

same procedure as in Ref. 7. The combination of temperature

and density profiles leads to a high collisionality regime (high

n and low Te), so the energy slowing down time (or thermal-

ization time) is small and the steady state is reached in a few

milliseconds.

FIG. 7. Left plot: line density, X-rays and

NBI traces for shot #18982. Right plot:

CNPA raw data for selected channels

(see Fig. 2 for the energy associated to

each channel and its width). For this shot,

a 30 ms plateau is found in the signals.

We can find a low error flux spectrum

averaging each channel in time and tak-

ing the mean with similar shots.

FIG. 6. Charge exchange time in TJ-II, according to Eq. (4), in the condi-

tions considered. It turns out that CX processes are not negligible only in the

external part of the plasma and for low energies, where sCX is short enough.

Since ISDEP deals with orbits in the SOL, where q > 1; sCX is calculated in

the SOL assuming that the profiles of plasma parameters are constant in the

SOL and equal to their value at q ¼ 1.

022507-4 Bustos et al. Phys. Plasmas 20, 022507 (2013)
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Figs. 8 and 9 show the ISDEP results for the fast ion

steady state distribution function and its statistical error in

%. It is seen that only the values of f smaller than 10�14 in

Fig. 8 are affected by a 20% error. With these plasma pro-

files, thermalization occurs much faster than in the case pre-

viously studied in Ref. 7 because of the higher collisionality

of the present discharges. The population of particles in the

high energy region of the phase space is much smaller here

and the thermalization time scale is also smaller. In this high

collisionality range, the simulated slowing down time is

sS � 3 ms versus sS � 20 ms in Ref. 7. This fact ensures the

validity of the time average in the CNPA signals because sS

is one order of magnitude smaller than the time integration

interval. The steady state distribution function still has mem-

ory of the three energies of the incoming neutrals and some

weak effect of pitch angle scattering can be observed.

Once the calculations are done and f ðq; vjj; v?Þ found, we

must simulate the particle flux that reaches the CNPA array.

We solve the integral in Eq. (1), using the data for the LOS

(Fig. 3) and the attenuation of the signal (Fig. 5). From the

whole f ðq; vjj; v?Þ calculated with ISDEP, only the parts that

satisfy q ¼ qLOS and vjj=v ¼ cosn are used for the integral.

The neutral fluxes, measured and simulated, are plotted in Fig.

10 as functions of the energy. Both curves are normalized for

E > 5 keV. The statistical errors of the neutral flux in Eq. (1)

are calculated with the jack-knife technique.16 It is observed a

general good agreement between these two spectra.

In order to explore a different set of plasma parameters,

we perform another simulation of the CNPA signal for low

density NBI shots (#18997-98) in the configuration 101_42_64.

This configuration is very close to the standard one

(100_44_64) and the main differences can be seen in Table I.

FIG. 9. Relative statistical errors in f (see

Fig. 8), in %.

FIG. 8. Steady state distribution function

for TJ-II with the profiles shown in Fig. 4

for q ¼ 0:15 (top, left); q ¼ 0:45 (top,

right); q ¼ 0:75 (bottom, left), and q ¼
0:95 (bottom, right). Traces of the injected

ions at 10, 15, and 30 keV can be seen.

The distribution function is normalized soÐ
dq dvjj dv? f ðq; vjj; v?Þ Jðq; vjj; v?Þ ¼ 1.

The statistical error in f depends on the

value of f, see Fig. 9.

022507-5 Bustos et al. Phys. Plasmas 20, 022507 (2013)
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The profiles used are plotted seen in Fig. 11 (left). Fig. 11

(right) shows the comparison between the CNPA data and the

numerical simulations for these shots. Since the neutral density

increases when the plasma density decreases, CX effects are

stronger and the average lifetime of the fast ions is smaller.

As a final remark, it is important to mention that the cal-

culated spectra are very sensitive to both the geometry and

the fast ion distribution function. The calculation of the spec-

trum has been repeated changing the line of sight of the de-

tector and the fast ion distribution function and the results

are not compatible with the experimental observations. This

fact supports the detailed description of the geometry and the

physics carried out in this paper.

V. ESTIMATION OF THE ABSOLUTE CNPA SIGNAL

In the previous section, we have obtained a good agree-

ment between the experimental and the estimated normalized

spectra, but the absolute neutral flux remains unresolved.

These spectra provide a quantitative measurement of the

neutral losses that reaches the detector. In this section, we

estimate numerically the absolute spectra detected by the

CNPA using the NBI power deposition and the size of

the detector. In addition, some extra factors are needed in the

simulated distribution function.

ISDEP measures f ðx; vjj; v?Þ, but Eq. (1) requires

f ðx; vjj; v?;/Þ, being / the particle gyro-angle. Once we

have selected the pitch angle k ¼ vjj=v, only a small fraction

of the distribution function f ðx; vjj; v?Þ reaches the CNPA.

We roughly approximate this fraction as c=2p, being c the

angle viewed by the CNPA. The angle c depends on the

geometry of the detector orifice. It is related to the solid

angle Xs of Eq. (1): c � 2
ffiffiffiffiffiffiffiffiffiffiffi
Xs=p

p
� 8 � 10�3 rad. This

means that only �1% of the particles with the appropriate

pitch angle will reach the detector due to the arbitrary direc-

tion of the perpendicular velocity.

Finally, we also need the rate of fast ions injected in the

plasma: RF. It is estimated using the port-through NBI power

(PNBI) and the initial average energy (hEi0)

RF �
PNBI

hEi0
: (6)

Taking PNBI ¼ 450 kW, we obtain RF � 1:3� 1020 particles

per second for the high density discharge. Finally, Eq. (1)

becomes

FðEÞ � AXs
keff

DE

c
2p

RF

ðDmax

0

exp �
ðx

0

aðlÞ dl

� �

� fISDEPðx; vjj; v?Þ Jðx; vjj; v?Þ nnðxÞ rCX v dx: (7)

In the former equation, the diagnostic channel width (DE)

and efficiency (keff ) have been considered. The absolute

results are presented in Table II for both sets of discharges

simulated in this work. Since the spectra obtained in the pre-

vious sections are normalized, we only show the simulated

and experimental CNPA signal at the 10 keV channel.

It is seen that ISDEP calculations tend to underestimate

both neutral fluxes, in �30% in the case of Fig. 10 and

�40% in the case of Fig. 11. This discrepancy could be due

FIG. 10. Comparison of the flux spectrum measured by the CNPA and cal-

culated with ISDEP. Both flux spectra are normalized to one for E > 5 keV.

In the CNPA spectrum, the error bars are the standard deviation of the meas-

urements of the different discharges. In the ISDEP curve, the error bars are

the Monte Carlo statistical errors. The error bars are smaller than the symbol

size for many points in the spectrum. The persistence of fast ions P(t) is

shown in the small chart indicating the existence of two timescales: small

NBI direct losses around t ¼ 10�5 s and CX or hits to the vacuum vessel at

larger times.

TABLE I. Plasma volume, average minor radius, and iota range (from the

axis to the edge) for the two magnetic configurations considered.

Configuration V ðm3Þ hai ðcmÞ Iota range

100_44_64 1.098 19.254 1.551–1.650

101_42_64 1.079 19.085 1.534–1.630

FIG. 11. Plasma profiles for a low density

NBI shot (left). CNPA spectra and ISDEP

simulation (right).
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to the uncertainties that are affecting the calculation. In fact,

the neutral density and the NBI port through power are not

fully known. Moreover, ISDEP does not consider other pos-

sible effects like fluctuations and Alfv�en modes that could

also play a role in fast ion transport.

VI. CONCLUSIONS

The CNPA spectrum has been successfully recon-

structed for two different sets of reproducible discharges in

TJ-II using the Monte Carlo code ISDEP. The ingredients

that are taken into account in this simulation, enough to

describe the experimental results, are the ion birth points

estimated with FAFNER2, the static radial electric field, col-

lisions with electrons and ions, the 3D magnetic configura-

tion and the CX losses. This is the first time that CX losses

are included in ISDEP. In addition to the physical results,

CX processes reduce the CPU consumption in approximately

one order of magnitude (from 103 to 102 CPU-hours).

The simulated and experimental normalized spectra pres-

ent very good agreement for E 	 10 keV (Figs. 10 and 11).

It has been checked that the correct implementation of the

geometry of TJ-II and the detector and the calculation of

f ðq; vjj; v?; tÞ are important to reproduce the experiments.

On the other hand, ISDEP tends to underestimate the abso-

lute spectra by a factor 30%–40%. This discrepancy can be

caused by uncertainties in the NBI power deposition or in the

neutral density profile. Both factors affect strongly the absolute

spectra and hence can be responsible for the underestimation.

Globally, ISDEP has been proved to be a useful tool to

deal with supra-thermal ion dynamics and the comparison

with experiments has contributed to the validation of the

code. It is also seen that, qualitatively, most of the CNPA

spectra are caused by collisional transport.
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