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ABSTRACT

Neutral beam injection (NBI) will be one of the main sources of heating and non-inductive current
drive in ITER. Due to high level of injected power the beam induced heat loads can, however,
Jjeopardize the integrity of the first wall of the device, particularly in the presence of non-axisymmetric
perturbations of the magnetic field. Neutral beam injection can also destabilize Alfvn eigenmodes
and energetic particle modes (EPM), and act as a source of plasma rotation. Therefore, reliable and
accurate simulation of NBI is important for making predictions for ITER as well as any other current
or future fusion device. This paper introduces a new beamletbased neutral beam ionization model
called BBNBI. It takes into account the fine structure of the injector, follows the injected neutrals
until ionization, and generates a source ensemble of ionized NBI test particles for slowing down
calculations. BBNBI can be used as a stand-alone model but together with the particle following
code ASCOT, it forms a complete and sophisticated tool for simulating neutral beam injection.
The test particle ensembles from BBNBI are found to agree well with those produced by PENCIL
for JET, and those produced by NUBEAM both for JET and ASDEX Upgrade plasmas. The first
comprehensive comparisons of beam slowing down profiles of interest from BBNBI+ASCOT with
results from PENCIL and NUBEAM/TRANSP, for both JET and AUG, are presented. It is shown
that, for an axisymmetric plasma, BBNBI+ASCOT and NUBEAM agree remarkably well. Together
with earlier 3D studies, these results further validate using BBNBI+ASCOT also for studying

phenomena that require particle following in a truly three-dimensional geometry.

1. INTRODUCTION

Transport modelling of magnetically confined fusion plasmas relies on knowing the plasma profiles
(density, temperature, momentum) and their sources: particles, heat and torque. The profiles
themselves can be extracted from measurements, but the sources cannot. Instead, they have to
be simulated. Therefore, accurate modelling of sources is of paramount importance for transport
modelling. Neutral beam injection is the main source of heating in most large tokamaks today and,
furthermore, provides a significant and flexible source of torque and current. In particular, neutral
beams’ capability to drive off-axis current is of interest from the perspective of steadystate operating
scenario development.

In the earlier stages of fusion research it was customary to assume that tokamak plasmas are
toroidally symmetric. In practice the finite number of toroidal field coils alone, however, is enough
to break the axisymmetry of the magnetic field. Even the remaining toroidal periodicity is destroyed
by toroidally localized magnetic perturbations caused by, e.g, the tritium breeding modules (TBMs)
present in the ITER design [1]. Consequently, also the tools used for modelling phenomena in such
plasmas should be able to cope with all three dimensions. In this complex environment, particle
following has been found to be the most practical approach for NBI modelling.

The particle following Monte Carlo code ASCOT [2, 3, 4] has been used to simulate NBI in
several fusion devices including ASDEX Upgrade (AUG) [5], Joint European Torus (JET) [6, 7],



DIII-D [8],and ITER [4]. Until recently, however, the initial test particle ensemble for ASCOT had
to be obtained from an external code, e.g. PENCIL [9] for JET and ITER, and FAFNER [10] for
AUG. Compared to using these codes, having a detailed NBI model coupled to ASCOT has two
major advantages. First, it guarantees that the magnetic and plasma backgrounds used for neutral
beam ionization calculations are identical to those used for simulating the resulting fast particle
ensemble. This is becoming increasingly important with the use of truly three-dimensional magnetic
fields and the prospect of using two-dimensional neutral and plasma densities and temperatures.
Second, having a purpose-built model offers greater flexibility; the same model can be used for a
number of devices and even for developing and studying NBI geometries for devices that do not
yet exist.

Based on the considerations above, a beamlet-based NBI-model called BBNBI has been
developed. It uses the same I/O routines as ASCOT and can therefore handle complex magnetic
geometries and, e.g.,1onization outside the last closed flux surface (provided that plasma temperature
and density there are known). Beam ionization on neutral particles could be taken into account
but is yet to be implemented. While BBNBI was designed to satisfy the needs of ASCOT, it is
a completely independent tool. Thanks to this modularity, BBNBI will be utilized in the EFDA
Integrated Tokamak Modelling framework (ITM) [11] as a stand-alone actor for calculating the
neutral beam ionization. Within the framework, BBNBI can then be combined with any fast ion
slowing down code compatible with the I'TM structures.

Section 2 introduces the beamlet-based NBI model. In Sec. 3.1 the neutral beam ionization
predicted by BBNBI is compared against results of established NBI codes NUBEAM [12, 13], the
NBI module of transport code TRANSP [14],and PENCIL. Section 3.2 goes beyond beam ionization
by studying the steasy-state slowing down profiles beam ions. The fast ion ensembles produced by
BBNBI are followed with ASCOT and the resulting slowing down profiles extensively compared
to those from NUBEAM and PENCIL. The purpose of this benchmark is (i) to quantify the effect
that minor differences in the initial test particle ensemble have on the actual quantities of interest,
and (i1) to validate the use of BBNBI together with ASCOT for NBI modelling. The results of this

work are summarized in Sec. 4.

2. DESCRIPTION OF BBNBI

BBNBI follows neutrals from the injector until they are ionized, hence producing an ensemble of fast
test ions. BBNBI is an independent tool, even though it was designed from the beginning to satisfy
the needs of the particle following Monte Carlo code ASCOT, and even uses the same magnetic and
plasma input. Because ASCOT is often used for simulating fast particle wall losses, the magnetic
backgrounds used in it need to extend all the way to the walls of the device. Consequently BBNBI
can take into account ionization even outside the last closed flux surface, unlike codes that have

earlier been used for beam ionization.



2.1. DESCRIBING THE INJECTOR GEOMETRY

Neutral beam injectors in all large tokamaks are based on a similar beamline structure: an ion source
connected to an electrostatic accelerator is followed by a neutralizer and a residual ion dump [15].
BBNBI follows the neutral particles starting from the grounded grid, i.e., the last accelerator grid.
The beam is modelled as a set of sub-beams, or beamlets, one from each grid hole in the grounded
grid, as shown in Figure 1(a). The fine structure of the beam is readily taken into account by defining
the location and direction of each beamlet individually. The beamlet directions are calculated from
the orientation and the vertical (see Figure 1(b)) and horizontal focal lengths of the beam, unless
more detailed beamlet specific information is available. Defining each beamlet individually allows
including arbitrary device specific features, such as the tilt between the upper and lower halves

of the injector grids of JET and AUG. The other adjustable parameters for each injector unit are:

* Injected particle species (H/D/T)
* Total power
* Full energy of the beam particles, E

max

* Current fractions for the different energy components £, .,

E,./2,and E,, /3

In addition, beamlet divergence and the probability with which a neutral is injected from a given
beamlet can be specified. For the simulations in this work however, these probabilities were uniform.
The aperture through which the beam must pass and/or obstacles along the beamline can also be
defined.

Beamlet divergence is typically described by an axisymmetric Gaussian or bi-Gaussian
distribution that defines the power P(w) density, and hence also the particle density, as a function of
the deviation angle w from the beamlet axis (see Figure 1(b)). For example, for ITER the divergence

is assumed to be a bigaussian that consists of a core and a halo part [16]:

where f1is the fraction of power carried by the halo (15%), w, and w,, are the 1/e widths of the core
and the halo (in the standard case 5 mrad and 15 mrad, respectively), and X is the distance from the
grounded grid. When defining the divergence, the absolute values of the distribution and, therefore,
the variable X in Eq. (1), are insignificant because the distribution is only used to define the relative
probabilities of different angles w. BBNBI assigns each test particle a unique direction so that the

ensemble as a whole follows the given diverging power distribution.

2.2. GENERATING THE TEST PARTICLE ENSEMBLE
To generate an NBI test particle, a neutral particle from a random beamlet is chosen. The neutral

is assigned a velocity in the direction of the beamlet, offset according to the beamlet divergence,



and advanced along its velocity vector until it either hits an obstacle or enters the vacuum chamber.
Typical obstacles include beam scrapers and the edges of an aperture through which the beam must
pass.

Inside the device the neutral particle is assigned a uniformly distributed random ionization
threshold A € [0, 1] and it is advanced along a straight trajectory while simultaneously evaluating
the cumulative ionization probability P. Reaction rates R, of the neutral atom with the plasma

determine P according to
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where 2(s") = 2R (s") is the total effective ionization cross-section. The distance dependence of the
reaction rates originates from the position dependence of plasma parameters (densities, temperatures,
impurities).

In the code the integral is discretized into small steps such that Z(s) can be taken constant between
adjacent points s; and s; , ;. In this limit 2(s) can be computed from the fits given by Suzuki et al.

[17]. The probability P; of ionization before s; is then determined by
1-P=(1-P_)e Wi %% 3)

where P, =0 and 2, = (2(s;_,) + Z(s;))/2. Once (1 — P,) falls below the random threshold A, the last

step is retaken and the exact ionization point s, 18 computed from

Sp—Sio1 = Zliln(1 _/;i_l) 4)
After this step a test particle is recorded. If the wall is encountered before 1 — P; < A, the neutral
particle is considered shine-through.

The NBI geometries of ASDEX Upgrade, DIII-D, FAST, ITER, JET, TEXTOR, MAST, and
Tore Supra have already been implemented inside BBNBI. There should be no major obstacles
in adding more devices. When used within the ITM framework [11], BBNBI ignores the internal

implementation of the NBI geometry and requires the geometry as a part of the input instead.

3. COMPARISONS AGAINST ESTABLISHED NBI CODES
NUBEAM, the NBI module of TRANSP suite of codes [14, 18], is one of the most widely used
tools for NBI modelling. It has been extensively used for modelling both AUG [19, 20] and JET
[21,22,23]. PENCIL [9] on the other hand, has been the standard tool for simulating neutral beams
at JET since early 1990s. In this section, results of these established codes are compared to those
of BBNBI for neutral beam ionization and ASCOT for the slowing down of the NBI ions.

The method for generating the initial test particle ensemble inside NUBEAM is similar to that of



BBNBI, described in Sec. 2. There are, however, some minor differences. For example, NUBEAM
positions the beamlets randomly on a flat source grid, whereas BBNBI specifies the exact locations
of the beamlets (i.e., the holes in the grounded grid) and as a result allows, e.g., the grid halves to
be tilted (recall Figure 1).

Both ASCOT and NUBEAM are test particle following Monte Carlo (MC) codes. They integrate
the equation of motion of the particle’s guiding center (GC) in time and model the Coulomb
collisions with the background plasma using MC collision operators for slowing down and pitch
angle scattering. ASCOT is also capable of following the particle’s full orbit (FO), but due to its
high computational cost and minimal effect on the results for NBI ions in JET, full orbit following
was not used in this work. While NUBEAM also follows the particle GC, it takes particles’ finite
Larmor radius into account by calculating fast ions’ interactions with the plasma at a random position
on the Larmor orbit instead of the GC location [13].

PENCIL is a Fokker-Planck code that uses a simplified vessel structure, parametrized plasma
equilibrium and a set of parallel pencils to model the beams. Due to the above mentioned
simplifications, PENCIL is computationally very efficient and, nevertheless, often gives an adequate
picture of the neutral beams. Earlier, PENCIL has also been used for providing an initial NBI test
particle ensemble for neutral beam slowing down simulations performed with ASCOT.

The neutral beam injection geometries of both AUG and JET (cf. Figure 1 in Refs. [24] and
[25], respectively) have been modelled in detail in BBNBI as described in Sec. 2.1. In order to
exclude discrepancies arising from differing plasma parameters, the ion and electron temperatures
and densities were kept constant in time in the NUBEAM/TRANSP simulations and exported from
TRANSP output to BBNBI, ASCOT and PENCIL. The axisymmetric equilibrium and a broken line
representation of the first wall of the device were extracted from TRANSP.Plasma rotation was set
to zero because its effects on ionization and slowing down of the beam particles is not yet taken
into account by BBNBI+ASCOT. Also charge-exchange (CX) reactions between the fast ions and
the thermal neutrals were disregarded.

In section 3.1, the results of the beam injection and ionization code BBNBI are compared
against NUBEAM for AUG, and against NUBEAM and PENCIL for JET. After that, in Sec. 3.2
the thermalization of the particles injected using BBNBI is modelled using the particle following
Monte Carlo code ASCOT. The resulting steady-state slowing down profiles are then compared
against those given by NUBEAM and, for JET, PENCIL.

3.1. BEAM IONIZATION

In this section, it is shown that the ionization of monoenergetic beams in AUG predicted by BBNBI
and NUBEAM is in good quantitative agreement. In reality, because of the presence of D*, D3, and
Dy} ions in the positive ion source, positive ion neutral injectors inherently produce three components
with energies £, E,,.. /2, and E,,, /3. Therefore, it is also shown that the predictions of BBNBI,
NUBEAM, and PENCIL on the ionization of such three component beams in JET agree.



For the first comparison, 200 000 test particles with E = 60keV were injected from AUG Positive
Ion Neutral Injectors (PINIs) 1-4, and an equal number of 93keV test particles from PINIs 5-8,
using both BBNBI and NUBEAM. The total power injected from each PINI was 2.5MW. The
present day tools for studying transport processes in tokamak plasmas tend to operate in only one
dimension. Therefore, the densities of ionized particles from all the PINIs are presented in Figure
W(We, - ¥

the normalized poloidal magnetic flux. For all the PINIs, the density profiles of the ionized beam

2 as a function of the radial coordinate p,, =\/ Y-v ), 1.e. the square root of

axis axis

particles agree remarkably well.

Due to different ionization cross-sections used in the two codes, NUBEAM predictions for beam
shine-through are about 10% larger than those of BBNBI. However, the effect of this discrepancy is
only visible for the most ‘radial’ (i.e. pointing toward to central column of the device) high energy
PINIs 5 and 8 with the highest shine-through fractions of 6—7% of injected power (see Figure 2(e)
and (h)). For the rest of the PINIs, the shine-through is less than 4% of the injected power.

Even though the radial profiles are of most interest from the transport analysis point of view, there
are other applications where the actual three-dimensional shape of the beam might be of importance.
For example when calculating the fast particle wall loads in the presence of magnetic perturbations,
the three-dimensional nature of the beams plays a crucial role. For AUG, the beam shapes from the
two codes are nearly identical for all the eight PINIs (Positive Ion Neutral Injectors) in both the
poloidal and the toroidal cross-section of the device. This is demonstrated for two representative
PINIs 4 (60 keV, ‘radial’) and 6 (93 keV, ‘current drive’), in Figures. 3 and 4. For the naming
conventions of different PINIs, see Figure 1 in Ref. [24].

Initial velocity of the ionized particles is another key factor in predicting the effects of NBI.
The speed of a particle is fixed by its total energy and therefore particle pitch & = v;/v is enough to
define the parallel and perpendicular velocity components. Figure 5 that shows a good agreement
in the initial particle distribution in (p, ,5) together with the earlier figures of particle densities
confirm the excellent overall match between the AUG NBI particle ensembles produced by BBNBI
and NUBEAM.

There are two known differences that cause the minor discrepancies between the particle
distributions from BBNBI and NUBEAM: (i) the ionization cross-sections used in the codes, and
(1) the modelling of beam scraping. To calculate the ionization, BBNBI uses parametrized cross-
sections by Suzuki et al. [17], whereas NUBEAM can use cross-sections from either ADAS [26],
or Janev et al. [27]. It was, however, discovered that all three models produce very similar cross-
sections, and NUBEAM ionization results using the two models are practically indistinguishable.
This might not be the case for, e.g., higher plasma densities though, as shown by Kraus [28]. Still,
for the purposes of this work, the two models were identical and cross-sections from ADAS were
used in all the presented simulations.

As to the beam scraping, both BBNBI and NUBEAM have the option to take into account the

finite size of the beam port and other elements limiting the beam shape by scraping it along the



way. In BBNBI these elements are automatically defined in fixed coordinates with respect to the
device and, consequently, all the PINIs of a given injector see the same scrapers. NUBEAM, on
the other hand, defines individual beam scrapers separately for each PINI. What is more, they are
by default centered around the beamline. As a result, different parts of the beam are scraped off by
the two codes. For example, BBNBI scrapes off only the upper part of the upward pointing PINI
4 (in Figure 3(a)) because its beam axis is above the center of the aperture. NUBEAM scrapes off
both the upper and the lower edges of the beam as seen in Figure 3(b). However, the impact of this
discrepancy on the resulting ensemble of ionized beam particles is negligible.

A comparison similar to the AUG benchmark discussed above was performed for JET neutral
beams. For JET however, a more realistic setup was adopted by taking into account all three energy
components that the positive ion neutral injectors inherently produce. The beam power fractions
12:E,,./3 were 84%:12%:4%.

max
In order to compare the beam ionization in JET, 200 000 test particles with maximum energy E,

used in this work for E,_ . :E ..,
= 100keV and the total power of 1.0MW were injected from all eight PINIs in the octant 8 injector
using BBNBI, PENCIL, and NUBEAM. PINIs 1,2, 7, and 8 are ‘tangential’, whereas PINIs 3, 4,
5, and 6 are ‘normal’ using the nomenclature of Figure 1 of Ref. [25].

The densities of ionized particles as a function p,,, for each PINI are plotted Figure 6. The agreement
between BBNBI, NUBEAM, and PENCIL is excellent. PENCIL beams are marginally narrower
and, consequently, more peaked in p,;, but the difference is tiny.

The main characteristic difference between BBNBI and PENCIL is manifested in Figure 7 which
portrays the 2D histograms of the particles’ ionization location in (R,z) plane. The PENCIL beams
clearly have an internal structure due to the small number of pencils used, whereas the beams
created by BBNBI and NUBEAM are smoother and have no such artificial structures. However,
these artifacts are not critical because PENCIL is exclusively used for 1D simulations where the

artifacts are washed out (see Figure 6).

3.2. NBI ION SLOWING DOWN SIMULATIONS
Slowing down simulations of ionized NBI particles were performed for both JET and AUG using
the test particle ensembles obtained in Sec. 3.1. The results of ASCOT and NUBEAM were found
to agree very well for both devices, whereas PENCIL results for JET differ slightly from the two.
For one-dimensional transport simulations, good estimates for the particle, heat, current, and
torque sources due to NBI are needed. Because the sources can affect the plasma temperature and
density and, consequently, the ionization and slowing down of the neutral beam, the NBI source
has to be operated in a continuous fashion, with thermalized particles leaving and freshly ionized
ones continuously entering the system. This is how NUBEAM operates within TRANSP, and
also how ASCOT operates when it is used as the fast ion module within the JINTRAC simulation
environment [29, 30] and, in the future, within the European Transport Simulator (ETS) [31, 32].

In this work, however, we want to find the steady-state profiles of various quantities of interest.



They are obtained by running the codes until the full slowing-down distribution has built up,i.e., for
several slowing-down times. In practice, to get statistically robust results, NUBEAM profiles were
averaged over three seconds of simulation after the build-up of the full slowing-down distribution.

ASCOT also offers an alternative, faster route to the fast ion steady-state profiles. Instead of a
continuous source, all the injected particles are launched in the beginning of the simulation and their
contribution to the quantities of interest are accumulated until they have thermalized. Throughout this
work, for both ASCOT and NUBEAM, the particles were deemed thermalized and their simulation
ended when their energy dropped below 1.5 times the local ion temperature.

The first slowing down comparison was performed for a JETlike plasma with [, =2.IMA, By,
= 2.3T. The fast particle densities from the three codes for the eight octant 8 PINIs are plotted in
Figure 8. The agreement between ASCOT and NUBEAM is very good. PENCIL ignores the ion
orbit effects and therefore the peak of the fast ion density profile in Figure 8 has not moved in p,,,
compared to the initial particle distribution plotted in Figure 6. Consequently, its agreement with
ASCOT and NUBEAM is rather poor, particularly for the ‘normal’ off-axis PINIs 3 and 4 that inject
a larger fraction of the particles to banana orbits. It should be noted, however, that the densities
predicted by the three codes are very similar at the outer parts of the plasma (p,,,; > 0.4) for all but
the most off-axis PINIs 2, 3 and 4. In addition, the very core is insignificant in terms of total particle
numbers due to the increasing volume differentials towards the last closed flux surface.

While all the PINIs have been examined, the plots that are shown will from now on be limited
to only two representative PINIs: PINI 4 (off-axis, normal) and PINI 6 (on-axis, normal). This is
done because the results for all the PINIs behave in a similar fashion. The conclusions drawn for
PINIs 4 and 6 can be straightforwardly extended to cover all JET PINIs.

Traditionally the primary purpose of neutral beams in fusion devices has been heating the plasma.
As the injected particles traverse the plasma, their energy is transferred to the thermal electrons
and 1ons through Coulomb collisions. Figure 9 shows the power deposition from the steady-state
distribution of NBI ions to electrons ((a) and (b)) and ions ((c) and (d)). Again, ASCOT and NUBEAM
produce very similar results, whereas PENCIL profiles are more peaked. Unsurprisingly, the shapes
of the power deposition profiles follow closely the shapes of the density profiles shown in Figure 8.

The ability of neutral beams to drive (off-axis) current is of great interest because of its importance
for scenario development and steady-state scenarios in particular. All three codes compared in this
work routinely provide a radial profile of the current driven by the NBI ions. The driven current is
calculated from the fast ion current by multiplying it by an electron shielding factor. To calculate
this factor ASCOT used the model by Mikkelsen and Singer [33], whereas for the NUBEAM
simulations presented here the model by Lin-Liu and Hinton [34] was used. The model PENCIL
uses for calculating the driven current from the fast ion current is described in Refs. [9] and [35].

The neutral beam driven currents given by ASCOT, NUBEAM and PENCIL are plotted in the
top row of Figure 10. The profiles match very well, even though PENCIL results are again more
peaked than those of the other two codes. In addition to the driven current, ASCOT and NUBEAM



also output the fast ion current, i.e. the quantity collected during simulations. Comparing the fast
ion current profiles (bottom row of Figure 10) with the profiles of the driven current (top row of
Figure 10) reveals that the current drive models used by ASCOT and NUBEAM give similar results,
at least for the plasma conditions used in this work.

The small negative currents close to the magnetic axis for PINI 4 in Figure 10(a) and (c) are due
to the return legs of banana orbits. Hence, they only occur for the normal PINIs that have their peak
density far enough from the magnetic axis (i.e. PINIs 3 and 4). During this work it was discovered that
the magnitude of this negative current density depends strongly on the beam width in p,,;; making the
beam marginally narrower produced larger negative current densities. This makes accurate predictions
of the beam ionization critical. While the total negative current is small and of little importance in
JET, this effect could potentially be utilized for g-profile tailoring in future fusion devices.

In recent years, the transport of toroidal momentum in tokamak plasmas has been an active
field of research [21, 36] because of its importance for plasma stability. Therefore, the sources for
toroidal momentum have to be understood. The applied torque by the neutral beams on the plasma
can be divided in three main components [37]: (i) collisional torque due to the transfer of toroidal
momentum from the NBI ions to the thermal bulk in collisions, (ii) 7)( B torque due to radial
excursions of the NBI ions, and (ii1) thermalization torque due to the toroidal momentum carried
by the NBI ions when they have been thermalized. These three components calculated by ASCOT
and NUBEAM are depicted individually in top three rows of Figure 11. Their sums are shown in
the bottom row of the same figure together with the total torque given by PENCIL.

The collisional torques calculated by ASCOT and NUBEAM (see Figure 11) (a) and (b) are very
similar. Also the 7)( B torques, plotted in Figure 11(c) and (d) nearly overlap. Positive 7)( B torque
is caused by an ion moving radially inwards and is to be expected because the NBI ions injected in
the direction of the plasma current (co-current injection) are born on banana orbits opening inwards.
That is, the particle will on average move inwards on its first orbit after ionization.

The collisional and 7>< B torques are both calculated as a sum over a large number of time steps.
Thermalization torque, on the other hand, is calculated only once for each test particle. As a result,
the ASCOT profiles plotted in Figure 11(e) and (f) are rather noisy, whereas the time averaging
performed for NUBEAM profiles helps make it relatively smooth. The general trends are nevertheless
visible and similar for the two codes, even if they don’t quite coincide for off-axis PINIs, like the
plotted PINI 4. The discrepancy is, however, of little practical importance as the thermalization
torque accounts for only a few percent of the total torque. Even locally it rarely exceeds 10% of
the combined effect of the collisional and the 7>< B torques.

The total torques calculated by ASCOT and NUBEAM, presented at the bottom row of Figure 11,
are very similar despite the minor differences in the 7)( B torques and the noise and uncertainties in
the thermalization torques. Furthermore, even PENCIL produces torque profiles that are in reasonable
agreement with ASCOT and NUBEAM regardless of its simplifications. PENCIL assumes all the

torque to be deposited on the flux surface where the injected neutrals are ionized. For the particle



following codes, the combination of finite orbit widths and collisional transport of the fast ions
results in a very similar total torque profile to the one predicted by PENCIL.

The same slowing down comparisons that were presented above for PINIs in JET octant 8
injector were also performed for the eight AUG PINIs for a plasma with I, = 0.8MA, Bg, = 2.7T.
The AUG NBI geometry is presented in Figure 1 of Ref. [24]. The fast ion densities for all AUG
PINIs, plotted in Figure 12, show a very good correspondence between ASCOT and NUBEAM.
Marginally higher particle losses result in NUBEAM predicting slightly lower densities for PINIs
6 and 7 than ASCOT (see Figure 12(f) and (g)). Comparing the fast ion densities in Figure 12 to the
initial densities of ionized particles presented in Figure 2, it is clear that minor differences in the
shine-through for PINIs 5 and 8 do not have a significant impact on the resulting fast ion source;
ASCOT and NUBEAM results for those PINIs overlap, except for the core plasma. It should be
reiterated that in terms of total particle numbers the very core is insignificant due to the increasing
volume differentials towards the last closed flux surface.

For power deposition to the plasma electrons and ions, beam driven current, and total torque
induced by the beam ions, only the results for two representative PINIs: PINI 4 (60keV, ‘radial’)
and PINI 6 (93keV, current drive’) are shown in Figure 13. However, the good agreement between
ASCOT and NUBEAM shown for PINIs 4 and 6 extends to all AUG PINIs. The profiles of all the
quantities of interest follow the same trends seen for the density profiles in Figure 12. The effect of
larger losses for PINI 6 in NUBEAM is apparent in the power deposition to ions (Figures 13(d)),
whereas the power deposition to electrons and the total beam induced torque (Figures 13(b) and

(h)) remain nearly unaffected.

SUMMARY

A new beamlet-based neutral beam injection model called BBNBI was introduced. BBNBI has a
more detailed geometry definition than existing neutral beam ionization codes and it can take into
account ionization outside the last closed flux surface. The injector geometries of ASDEX Upgrade,
DIII-D, FAST, ITER, JET, MAST, TEXTOR, and Tore Supra have already been implemented in
BBNBI, and more devices will be included as needed. BBNBI is compatible with the I/O structures
of the particle orbit following code ASCOT, which ensures consistency between the beam ionization
and beam slowing down calculations. However, it can also be operated as a stand-alone tool and
it will be used to cater for the beam ionization needs of European Transport Simulator (ETS) [31,
32] within the EFDA Integrated Tokamak Modelling framework (ITM) [11].

Predictions of BBNBI on beam ionization were compared to those of PENCIL [9] and NUBEAM
[12, 13] in axisymmetric JET and AUG-like plasmas. First the ionization of monoenergetic
(60keV/93keV) neutral beams from all the eight ASDEX Upgrade PINIs was modelled with
NUBEAM and BBNBI and the results of the two codes agreed very well. The radial density
profile of the ionized beam particles was found to be nearly identical between the codes, and the

same was true for their locations in (R,z) as well as in (x,y). What is more, also the distribution of
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ionized particles in velocity space was confirmed to agree by inspecting their pitch distribution. A
similar comparison of the beam ionization was performed for the eight JET octant 8 PINIs using a
more realistic beam composition with current fractions 70%:20%:10% for the energy components
E i Emax 12:E

particles from BBNBI and NUBEAM were discovered to be nearly indistinguishable. The beams

/3 and E_,, = 100keV. In this comparison, the distributions of ionized beam

from PENCIL were slightly narrower, but nonetheless very similar. During the course of this work
it was discovered that the initial beam ion ensemble and, hence, beam ionization has a strong impact
on the beam slowing down profiles.

The first comprehensive benchmark of particle following codes ASCOT and NUBEAM and
the Fokker-Planck code PENCIL was carried out. Steady-state profiles of fast ion density, power
deposition, beam driven current and torque induced by the beams were compared for all JET octant
8 PINIs and all eight AUG PINIs. For JET, the profiles produced by ASCOT and NUBEAM were
nearly identical for all quantities of interest. Because of the lack of ion orbit effects, PENCIL tends
to give predictions that are more peaked than those of the particle following codes. For on-axis
beams PENCIL is nearly in agreement with ASCOT and NUBEAM but for the off-axis beams,
particularly the normal ones, the shape of the profile is different. This is caused by injected particles’
wide banana orbits. In situations where the ratio of particles’ orbit width and the plasma minor
radius is smaller, e.g. due to higher plasma current, the discrepancies between PENCIL and particle
following codes are expected to be smaller.

The benchmark between BBNBI+ASCOT and NUBEAM was repeated using an AUG-like
plasma. The one-dimensional profiles of fast ion density, power deposition, beam driven current
and torque predicted by the two codes were found to be in a very good agreement despite minor
differences in the fast particle losses for PINIs 6 and 7. Thus, it has been shown that the results of
BBNBI+ASCOT coincide with those of NUBEAM for axisymmetric plasmas for both JET and
AUG. Together with earlier 3D studies [7, 8] these results further validate using BBNBI+ASCOT

also for studying phenomena that require particle following in a truly three-dimensional geometry.
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Figure 3: Two-dimensional histograms of the ionization
locations of NBI particles injected from the AUG PINIs
4 (top panels) and 6 (bottom panels) projected to the
poloidal (R, z) plane: BBNBI (left column), and NUBEAM
(right). The plots within each row are plotted using the
same colormap.
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ionization locations of NBI particles injected from the
AUG PINIs 4 (left) and 6 (right): NUBEAM results are
presented as white contours overlaid on top of the BBNBI
results presented with the surface color.
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PINIs 4 and 6: NUBEAM results are presented as white
contours overlaid on top of the BBNBI results presented
with the surface color.
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Figure 9: Power deposition from the beam particles to
the thermal electrons (top row) and ions (bottom row) in
a JET-like plasma for octant 8 PINIs 4 (left column) and
6 (right column).
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Figure ]1: Collisional torque induced by beam ions (top
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Figure 10: Neutral beam driven current after taking the
electron shielding into account, (top row) and unshielded
fast ion current (bottom row) in a JET-like plasma for
octant 8 PINIs 4 (left column) and 6 (right column).
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Figure 12: Fast ion slowing down density in a AUG-like
plasma for PINIs 1-8, corresponding to panels (a)—(h).
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Figure 13: Power deposition from beam particles to electrons (top row) and ions (second row), the current driven by
beam particles (third row) and the total torque induced by the beam particles (bottom row) in a AUG-like plasma for
PINIs 4 (left column) and 6 (right column).
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