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Abstract

GTNEUT is a two-dimensional code for the calculation of the transport of neutral particles in fusion plasmas. It is based
on the_Transmission and $€ape Pobabilities (TEP) method and can be considered a computationally efficient alternative to
traditional Monte Carlo methods. The code has been benchmarked extensively against Monte Carlo and has been used to model
the distribution of neutrals in fusion experiments.
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Nature of physical problem: This code calculates the transport of neutral particles in thermonuclear plasmas in two-dimensional
geometric configurations.

Method of solution: The code is based on the Transmission and EscapgaBility (TEP) nethodology [1], which is part of

the family of integral transport methods foguttral particles and neutrons. The riéisig linear system of equations is solved by
standard direct linear system solvers (sparse and non-sparse versions are included).

Restrictions on the complexity of the problem: The current version of the code can handle only one species of atomic neutrals.
Typical running time: It depends on the size of the problem and the computing platform. For example, it takes 15.6 seconds of
user time to run the second test problem on a SUN Ultra 10 workstation, using the sparse linear matrix solver.

Unusual features of the program: The program requires linking with the publicly available LAPACK linear algebra
library which is usually included with the Fortran compilers of many UNIX vendors or can be obtained from NETLIB
(www.netlib.org. To use the optional sparse matrix solver, the UMFPACK library is required which can be obtained from
http://www.cise.ufl.edu/research/sparse/umfpack

References: W.M. Stacey, J. Mandrekas, Nucl. Fusion 35 (1994) 1385.
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Keywords: Neutral transport; Neutrals in plasmas; Integral transport; Escape probability; Interface current method

1. Introduction

Neutral particles (atoms and molecules) are always present in thermonuclear laboratory plasmas such as those
encountered in magnetic fusion experiments, espedialhggions near material surfaces. The majority of these
neutrals are the direct result of particle recycling,,iplasma ions striking material walls and reflected back as
neutrals, but they can also arise from external injectd neutral atoms into the system for fueling or heating
purposes or be created by recombining plasma ions.

These neutrals can have an important effect on the [deama particle and power balance. They affect the en-
ergy and patrticle fluxes to the first wall and divertor platbsi(efore, playing a major role in processes such as wall
erosion and intrinsic impurity production), as well as ba performance of important reactor engineering compo-
nents such as the fueling and pumping systems. In addéiperimental observations and theoretical predictions
suggest that neutrals play an important role in the overall performance of the core plasma, since they can affect the
attainment of various improved confiment regimes, induce density limitithermal instattities in the plasma
edge, etc. Therefore, the modeling of transport of nepidicles at the edge of magnetically confined plasmas is
very important for the interpretation of present day fustaperiments and for the design of next generation fusion
reactors, and computer codes that perform such stionkare indispensable ta@oior plasma modelers.

The modeling of neutral transport in fusion plasmas is challenging, since the highest neutral concentrations
occur in regions characterized by considerable geonatromplexity (divertors, &ffles, pumps, plenums, etc.),
widely varying neutral mean-free-paths and backgrouadmpks with densities and temperatures characterized by
strong gradients.

Most state-of-the art codes for neutral particle transport are based on the Monte Carlo fhe8joalthough
methods based on alternative concepts (diffufioB], discrete ordinates, various forms of integral transfg]jt
have also been considered. Monte Carlo methods are capable of representing the complex geometries encountered
at the plasma edge exactly, can treat the complex atomic and molecular physical processes characterizing the
plasma edge region efficiently and can achieve very gmodiracy if a sufficient number of particle histories are
run. The most serious disadvantage of Monte Carlo-basedral transport codes is their computational speed.
They are computationally expensivequiring a large number of particledtories in order to yield acceptable
statistics. While this may not be a serious problem for stand-alone simulations with fixed background plasma, it
becomes much more limiting in couplechpma-neutrals simulations wheréaage number of iterations may be
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required until the two-dimensional (2-D) plasma fluidadation (which is usually computationally demanding

itself) and the neutrals calculation converge. In addition, the numerical noise inherently present in Monte Carlo
simulations makes convergence even more difficult. Such coupled edge plasma-neutrals simulations are becoming
increasingly more common and the need for a fastermative to traditional Monte Carlo codes has been
recognized by the international fusion community.

The Georgia Tech Neutral Transport code GTNEUT désdtiin this paper is such an alternative. GTNEUT is
a computationally efficient and accurate tool for the clattan of neutral transport at the edge of thermonuclear
plasmas based on the transmission and escape probability nfiéthdde code has been benchmarked extensively
against Monte Carlo and experimgg+10].

The present version of the code has reached a level tfrityaand stability and several research groups have
expressed an interest in using it for their neutral sitiaifaneeds. We therefore feelahan extensive description
of the code and the methodology is warranted in ordéatilitate its use by the wider fusion community.

This paper is organized as follows: The basic assumptions and equations of the code are summarized in
Section 2 the details of the code implementation, including a description of the input preparation, a discussion
of the solution methodology and the overall structure of the code is presengesttion 3 two test problems,
included in the code distribution, are presented and discuss8ddtion 4 conclusions and a brief discussion,
including plans for future development, follow 8ection % and, finally, a complete list of the input variables is
included inAppendix A

2. Equations and methods

GTNEUT is based on the Transmission and Escapéabilities (TEP) method. While the details of the TEP
method and its application to specific problems have been published elsd#Ed the basic methodology and
governing equations are described in this section for completeness.

In the TEP method7], the region of interest is subdivided into an arbitrary number of straight-sided convex
cells! The shape of each cell can be as complicated asnesjin order to match the local geometry, and can
have an arbitrary number of sides. The computational domain of interest is bounded by the first wall and divertor
plates (including any other relevant first wall structures, such as pumps, baffles, plenums, etc.), and, optionally,
by thecore plasma. Core plasma, in this context, is the part of the plasma where knowledge of the exact neutral
density population is not necessary (usually becauseahiipated to be very small) and it is treated with an
albedo boundary condition. It does not nesarily correspond to the entire plasma inside the separatrix in diverted
tokamaks, since the boundary can be arbitrarily selected to include as much of the core plasma in the neutral
computational domain as it is desired.

The present version of the GTNEUT code is 2-dimenal (2-D), i.e., it is assumed that the plasma and
neutral distributions, as well as any surface or volume neutral sources, are unchanged along the third (ignorable)
coordinate. This is a choice that we made for dinify and computational economy and is not an inherent
limitation of the TEP method, which can be easily extended to three dimensions.

It is important to emphasize that, while references t@ded tokamak geometry will be frequently encountered
in this paper, the methodology and the code are not restricted to this specific topology. GTNEUT can calculate the
neutral density and related quantities of any 2-D conégjan that can be subdivided into straight convex cells
(e.g., linear plasma devices, selected regions near plasma facing components, etc.).

1 Earlier versions of the code supported circular segmiitsout this option was rather restrictive and has not been carried over to later
versions of the code.
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Fig. 1. Schematic diagm showing region and its adjacent regions and the partial currents at the interfaces.

2.1. Basic TEP equations

The equations are formulated in terms of the interface partial currents or “fRuteslugh the sides of each
cell, I ;. The flux I; ; represents the total partial current, in unitsfadf particles/s, from cell “i” into adjacent
cell “j” (Fig. 1). In terms of the neutral angular fluk(r,82), I; ; is defined as:

I_'iij‘/dS / dﬂ(ﬂﬁ)l{/(r”,ﬂ) (l)
S,‘j ﬂﬁ>0
wheres;; is the interface between celleindj, f is the normal unit vector at th; interface andy (r;;, £2) is the
angular flux of the neutrals af;. The integration over all solid angles satisfyif2y 1 > 0 ensures that we count
the particles entering cefl from celli through the interfacs;; .
For each interface between two cells we can write plarti@lance equations that relate the various fluxes

incident on the sides of the cell. To do this, we note that the total particle’fluxrom celli into cell j consists
of three distinct contributions:

o Uncollided neutrals: These are neutrals that entered ¢dtlom one of its adjacent cells and were transmitted
across celli into the adjacent celj without undergoing any collisionwith background plasma ions and
electrons. The uncollided contribution can be expressed as:

i = Z Ity (2
k

where the summation extends over all the celtontiguous to cell, andi", . is the first-flight transmission
coefficient. If we assume that the neutral angular feiisotropic on both sides of the interfaces between the
cells (also known as thdouble Py or DPg approximation in transport theory) and that is also uniform at the
interface, the first-flight transmission coefficid?,jgj is equal tg11]:

2 Lii dmax(§ki) ()

, . i ki

T, . =—— | d&; d Kiz| ———— 3

M1 Ly / g / v sine 3( i ) ©)
0 Pmin(6xi)

2 Notice that we refer to the quantity as “flux’ or “current” although its units are #/s rather than #im, i.e., it represents thtetal number
of particles crossing the surface under consideration.
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Fig. 2. Geometry for the calculation of tiiest-flight transmission coefficient&q. (3)

where, as shown iRig. 2, L;; is the length of the interface between regiérendi, &; is the coordinate along
the Ly; interface/; is the length of the distance traveled by the neutral in the 2-D plane from agport the
entering surface to a point in the exiting surfages the angle between the entering surface and the dhord
A; Is the total neutral mean free path in celindKis is the third-order Bickley—Naylor functiofi1]:

/2

oo o T

K|n(r)_/d0 sin’ (0)exp< —sin9>' (4)
0

Collided neutrals. These are the neutrals that entered c&lbm all contiguous cells, had one or more charge
exchange or elastic scattering collision in celvith background plasma ionséutral—neutral scattering
collisions are not considered in the present version of GTNEUT) and eventuly escaped into cellj through
the common interface between celland j. The flux contribution of theseollided neutrals can be written in
the following form:

I = Z T (1 - Z Tki,l>c,' P Ajj (5)
k 1

wherec; is the probability that a collision in cell is a scattering or charge exchange evéditis the total
escape probability that the particle or its progeny escapes regiber one or more charge exchange or elastic
scattering collisions, and;; is the probability that particles escaping cedxit through the side of that is
adjacent to cell. The summations extend over all cells contiguous toicell

Source neutrals: These can arise from either external or intdraources (e.g., volume recombination). If
the volumetric neutral source in csllis Si,, then its contribution to the total particle flux can be written
as:

I} = SexPi Aij (6)

where the total escape probabilify and geometric escape factdr;; are similar to those appearing in
Eq. (5)
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Combining the three contributions to the total particle figs. (2), (5) and (6jhe partial current balance
equation for the interface between céellsndj can be written in the following form:

L= Tl + Y T (1 -2 Tki,l)ci Pi Aij + S Aij- Q)
k k !

We now discuss some of the coefficients and terms appearing in the equations above in more detail:
The charge exchange and elastic scattering fractipalso known as the number of secondary neutrals per
collision, is defined as follows:

(oU)ex + (ov)el
Z—f(UU)e + {(ov)i + (oV)ex + (oV)el

(8)

Ci =

where (ov)stands for the Maxwellian averaged reaction rates, the subscripts o, ahd: denote charge-
exchange, elastic scattering (included here for those atomic databases that support it), electron impact ionization
and ion impact ionization respectively, andandn; are the electron and ion densities of the background plasma.
Although the present version of GTNEUT assumes a single-species hydrogenic plasma backgyo{@dan be
generalized to handle an arbitrary number of backgraandpecies, including charge states of impurifigs

The various reaction rates are computed using the polynomial fits by Janefd&{ znd depend on the neutral
particle species and energy as well as on the backgrplasina electron or ion temperatures. In addition to the
Janev database, two other options are available in GTNBUhé calculation of the various atomic reaction rates:
The first includes hydrogenic ionization aodarge exchange rates from the DEGAS cfideand the second is
based on a recent compilation of data by E.W. Thofi8% It should be noted that these two alternative options
include multi-step ionization effects, having been derived using a collisional radiative model (the electron impact
ionization rates in GTNEUT from the Janev databaseaspond to the ground state). In addition, the Thomas data
include ion-neutral elastic scattering rates (the tésm)e| in Eq. (8) based on the work by D.R. Schultz et al.
[14], as well as Lymanx suppression effects which can enhance ionization at high densitied ¢*°/mq) [13].
Appendix Aexplains how these options can be selected by the user. Potential users can easily implement their own
databases, by modifying the routioa cmfp appropriately.

Thetotal escape probability; for a neutral particle or its neutral progeny can be calculated by observing that
of the ¢; secondary neutrals produced per scattering or charge exchange eventiinaciHlction Py; escapes
cell i without undergoing further collisions while the rest-1Pg;, remain in cell: to interact with the background
plasma again. During this new generation of collisions, a fraetiéh— Po;) Po; will escape cell without suffering
additional collisions, while the rest will constitute the next generation collision source which, in turn, will contribute
[ci(1— Pgi)]?Poi escaping neutrals, and so on. A schematic representation of this sequence of collision events for
the first three generations is showrFig. 3. Summing over all generations, the total escape probaliligan be
written as follows:

o]

Pi=Poi ) [ci(l—Po)]" =

n=0

Po;

1—c(A- Po) ®)

where Py; is the first-flight escape probability. The expression for¢bikided flux given byEq. (5)follows by
summing all elements of the last columrfig. 3, usingEg. (9)for the total escape probability, multiplying by the
directional probability factori;; and noting that the first collision sourc“él) isequalto)_, I (1—>, Tki,l)'

Just like the first-flight transmission factdgd. (3)), the first-flight escape probabilit§y; can be calculated
exactly under the assumption of an isgtic collision raé distribution[8,11]. However, in the interest of
computational efficiency, a rational approximation for the calculatiofgpfs used in GTNEUT:

Py = xi [1— <1+ %)n] (10)



42 J. Mandrekas / Computer Physics Communications 161 (2004) 36-64

i ionized ith reaction rate charge exchanged escaped
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Fig. 3. Schematic representation of collision events inicill the first three generations, starting with the first collision source.

In Eq. (10) X; = 4V;/A;S;, whereV; is the volume (surface in 2-D) of cell 1; is the neutral mean free path
in cell i, S; is the surface area (perimeter in 2-D) of aelandn is an arbitrary exponent. The approximate form
of Eq. (10)derives from similar rational approximations by Wigii£s] and Sauef16]. Detailed calculations and
comparisons with Monte Carlo have resulted in a value €f2.09 for our simulation$8,17].

Finally, the factorA;; appearing irEgs. (5)—(7)epresents the probability that a neutral escapingiceiiill
escape through the sideiithat faces the adjacent cgll While the presence of ion flows and magnetic fields can
influence the value ofi;; [7], in the present version of the code; is treated merely as a geometric directionality
factor and is equal to the fraction of the boundary surface (or perimeter under our 2-D assumption) thfateéd
in contact with the adjacent cell

2.2. Neutral energy considerations

The current implementation of the TEP methodology inNEUT, assumes that the neutral energy in each cell
is equal to the local ion temperature. An exception is enfat wall originated (reflected) or source neutrals,
which maintain their original energies (input-specified or determined by the wall reflection model) until they
interact with the background plasma ions, in which case they, too, assume the local ion temperature. Extensive
tests against Monte Car[8,17] have shown that this “local ion temperature” assumption is a good approximation
when the neutral mean-free-paths comparable to or less than the characteristic dimengiaf the cell under
consideration, and when the background plasma properties are not characterized by strong gradients. A two-energy
group formulation has den recently implemented 0], which has improved the accuracy of the code even in
cases where the mean free path and background plasma gradient restrictions are not met. The two-energy group
formulation is discussed iBection 2.@elow.
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2.3. First collision source effects

The first collision source consists of those neutrals that enteredfeeth one of its adjacent cells and had their
first charge exchange or elastic scattering collision in cdlh derivingEq. (7) above, the first collision source
was treated as the precursor of an infinite number of generations of collision sources, each described by the same
secondary neutrals fractien, escape probabilityy; and geometric facton;; resulting inEq. (5)for the collided
flux.

However, the first collision source is likely to be influenced by the originating cell of the neutrals that comprise
it, in contrast to subsequent geneoat which are assumed to lose their ancestral “memory” after a few scattering
collisions with the background ions of céllA neutral entering cell from one of its contiguous cells still carries
an energy consistent with the properties of that cell. This should affect the calculation of the neutral fraction
which depends on the neutral energy through its depemdaméhe various neutral-ion reaction rates. In addition,
if the mean free path; of this neutral in cell is much smaller than the characteristic dimensignof cell i,
i.e., Ai/A; < 1, then the first collision source will be highhon-uniform since most reactions with background
plasma ions will occur near the interface of these two cells. As a result, the probability of escaping back across
that incident surface would be greater than the probability of escaping across another surface. Since the calculation
of the escape probabilitfy; and the geometric transmission factys; described in the previous section assume
a uniform collision source, it is expectedatithese coefficients or their produls; A;; may be different for the
first collision source. It is therefore desirable to rewrite the collided flux contribuEqn(5) in a slightly different
form in which the first collision source is separated out:

. i k
¥, =Y I (1 -3 T,;,)cl-,k[Pol»,kA;,.) + (1= Poij)ci P Aij]. (11)
k 1

The first term in the brackets represents the first collision source and the second term the contribution from
all the other generations. Thé™ subscript or superscript appearing dnx, Poix and Alf'.‘) signifies that these
coefficients have been calculated taking into account that they enteredfomth adjacent celk. The rest of
the coefficients irEq. (11)are the same as before. It should be noted Hrpt(11)reduces tdq. (5)when first
collision effects are ignored, i.e., settingy = c;, Ag.‘) = Ajj, Poix = Po; and usingeq. (9)for the total escape
probability P;.

In the present version of the GTNEUT codgy is calculated taking into account the ancestry of the first
collision neutrals. The rest of the first collision coefficients howePei andA}f), are assumed to be equal to
Poi and A;; respectively, i.e., they do not include a first-cadis correction. We should note however that, in
the code, the first collision terms appear explicitly, so addirst collision effects to these coefficients should be
straightforward once the appropriate methodology is developed.

Similar arguments can be made for the neutrals due to internal or external sources. The volumetri§igource
can be non-uniform and the emitted neutrals can have an eopgodistribution and various initial energies. In this
case, the contribution from the original source neuttadsore they suffer their first collision with the background
plasma ions, can be separated out Bgd(6)can be written as:

i ,0
I} = Se Po A} + (L= Pg) PP A (12)

where the superscripts™ and “0” indicate that the relevant quantisieare calculated taking into account the
properties of the source.

2.4. Boundary conditions

As discussed in the beginning B&ction 2 the computational domain of interest is bounded by material walls
and, in some cases, by a plasmaregion (referred tcaas plasma” in this context) in which the explicit knowledge
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of the neutral distribution is not necessary. In théstson, we discuss the boundargnditions imposed by these
two types of boundaries.

2.4.1. Reflection from a plasma region
If one or more sides of cell interface with a core plasma regiépl, an albedo boundary condition is used to
express the flux from the plasma regipt into celli:

Tipl,i = otkpl I kpl - (13)

The albedo coefficientyp is calculated from a numerical fit to detailed Monte Carlo albedo simulations for
different values of the charge exchange fraction paramgggerThe fit is valid for the entire region of interest
(0 < epr < 1) and is in excellent agreement with semi-analytic results from transport t[fe8jry

This fit replaces our earlier diffusion thigobased approximation (Eq. (30) in R¢T]) which was inaccurate
for smaller values ofp, becoming negative farng < 0.57.

2.4.2. Reflection from material walls

Laboratory plasmas are usually surrounded by the nedtarifaces of the confining vessel. In a tokamak device,
these surfaces would include the first wall, the divertorgdar limiters and any other structures in close proximity
to the plasma.

When ions or neutrals interact with a material surfawes of the three following possible outcomes can occur
[19]. They can (a) be directly back-scattered or reflected while retaining a significant fraction of their original
(impact) energy, (b) reach thermal equilibrium with the lattice atoms and be re-emitted as molecules at low energies,
of the order of the wall temperature, and (¢c) become permanently trapped inside the material wall. The thermal
molecules of the second group, after dissociation, bedenaieck—Condon atoms with energies of a few electron
volts[19]. The present version of the GTNEUT code does not treat molecules explicitly, assuming instead that they
dissociate at the point at which they are introduced into the plasma, and subsequently tréatadka€ondon
atoms with an input-assigned energy.

Accordingly, the particle flux from the wall segmekw to an adjacent plasma céll Iw,;, can be written in
terms of the fluxZ; i from celli onto the wall segmerkw as follows:

Fawi = T8 4+ R E g+ (1= RY) (1= ) 1w (14)

The first term inEq. (14) Fe'ﬁ(“{, represents an external flux contribution (e.g., a gas puffing fueling source), the
second term represents the fraction of particles direcflgaed or back-scattered and the last term represents the
neutrals that are re-emitted as molecules from the riadrface and treated here as Franck—-Condon atgfis.
is the particle reflection coefficient, which depends on the impact energy of the ions and the material properties of
the surface, an(fa'“g’S is a wall absorption coefficient taking into account any particles that remain trapped in the
wall.

Since most coefficients ikqgs. (7) and (11gepend on the neutral energy through their dependence on the
neutral mean free path or on the various ion-neutral reaction rates, it is important that they are evaluated at the
appropriate energy of each of these three groups of wallraigd neutrals. The externally launched particles are
assumed to have enerdy which is treated as an input variable, the back-scattered “fast” particles have an energy
equal toT; R?"’/R,'?N, whereT; is the ion temperature of the plasma region adjacent to the wall sedavearnd
R'@N is the energy reflection coefficient, and the “slow” neutrals are assumed to emerge at an input-specified low
energy corresponding to the Franck—Condon energy for atoms. The particle and energy reflection coeﬂﬁ&ients
and R,’iﬁ"’ of each wall segment are calculated using standasdHat are valid for a wide range of wall materials,
particle species and impact enerdi28,21]

In addition to the realistic wall reflection model described above, a simpler reflection model is also available in
which the reflection coefficient is an input variable and neutrals are returned to the plasma at their original energies.
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In this caseEq. (14)for the flux from the wall segmedv into celli becomes:

Nwi=R ka+ ext (15)

whereR* is the input-specified reflection cifieient. This simple model is uge! for setting up vacuum interfaces
(R =0, ' = 0) or symmetric boundarieRt" = 1, I'’ = 0) as well as for compatibility with the original
TEP implementation, which did not include a realistic wall reflection médiel

Finally, when GTNEUT is coupled to a plasma fluid code, the reflection of the plasma ions from the material
walls should also be taken into account. Since there aregndfisant differences betweehe reflection of incident
atoms or iong19], the same approach followed for the reflection etitral atoms is used to evaluate the neutral
flux from wall segmenkw into the adjacent plasma ceélldue to an ion fluxZ;S". In this caseEg. (15)for the
neutral particle flux entering cellfrom the wall segmeritw becomes:

IOI'I

Taw,i = ext+RkW(FkW+ |on)+(1 Rkw)(l fell(\l;\’s)(rkw‘i' |on) (16)

where the incidention flui‘,‘g‘a’ should be provided by the plasma fluid code.
2.5. Final form of equations

UsingEgs. (13), (14) and (16d eliminate the fluxes from plasma regs and wall segments into adjacent cells
in favor of the fluxes from the cells into these regions, and separating out the first collision contributions as shown

in Egs. (11) and (12)he partial current balance equation for the interface betweenicafid j (Eg. (7), can be
written in the following form:

k£kw, kpl Ks£kw,kpl

Y nuTii+ > I (1 -3y T,j,l)ci,k[Pol-,kAﬁj-” + (L~ Poig)ci P A
k k 1
+ Zakmﬂ',kpl Tﬁpw + Zakmﬂ,km (1 - Z Tlfp|,1>6i,kp| [POi,kplAg{pl) + (1 — Pojkpl)ci P Aij |
kpl kpl [
DT+ DR Wiy + (1= R (1= [ TTigy
kw
+Zpehx'¥( ZT ) Pl PO A + (1= PG )i Pi 2]
+ZR,‘$”E-,m( ZTk’wfl> [P A + (1= P o)ei P Af]
kw
Z (1-RM)(1- fi“évsm,M( ZTmz) Sl Py S + (1= Py )i Pi Aij]
+ Z Rk""F,g‘,’;’Tk’Wf] Z (1— RI™)(1— 1) T
+ZR"W ,On( ZT ) Peaw A + (1= Py )ei PiAij]

+ Z 1 Rkw (1 f;\tgv |0n( - Z lex,l)cf,m[Pgi,loNAikjw’s + (1_ Pgi,kw)ci PiAij]
1

+ StPG AL + St L= PG )PP A 17
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In Eq. (17) celli is assumed to be bounded by an arbitrary number of wall segrkenfdasma regiongpl
and other cell&. The various superscripts appearing in the wall-originated components (“0” for external fluxes,
“ion” for background plasma ion fluxesf" for the fast, back-scattered component and for the slow, low
energy Franck—Condon neutrals) indicate that the various coefficients have been calculated at the neutral energies
characteristic of each group.

The total ionization ratd; in cell i can be obtained by summing thenization contributions from each
generation of reactions, as shownHig. 3. Evaluating the infinite sum of the elements in the leftmost column
(labeledionized) of Fig. 3, we can show that

I; =Xk:Fk,i(l—Xl:Tki,z)(l—Ci)/[l_Ci(l_ Poi)]-

This result can be generalized by considering contributions from wall segments, core plasma and external sources
and taking explicitly ino account first collision effects by assigning @gidependent secondamgutral fractions
ci.x and escape probabilitig%;  as discussed iBection 2.3In this case, the total ionization rate is equal to:

kskw

~ ' - ; . cik(L—ci)(1— Poix)
I = ; T.i (1 ;Tu) [(1 cik) + 1—c(1— Py) ]
0 0
0 i =)= Py )
+%’:FeX< ZTle)[ '»k"")+ 1—c¢i(1— Py)
f /
N y =) (L= Py o)
+ZR (Figw + Tion ( ZT )[ ) + 1—ci(1- Py)

is s @ =)= Py i)
R0 2 i ) (1 S ) (1) + PR

- cHd- Pol')] (18)

1-P 1—c;
( 01) ext|: C: + 1—c(1— Py)

where, as irEq. (17) the first summation is over all non-wall adjacent cells, the next three summations represent
walls with external fluxes, fast and slow reflected neutrals, and the last term is from any volumetric sources.
Once the ionization rate is known, the neutral densgtyin each cell can be calculated from:
I;
no = ————q
" nilou)iohVi

wheren; is the background ion density in cé|l V; is the volume of celf and (crv)fg}1 is the total ionization rate
(electron impact and ioimpact ionization) Eq. (19)is actually an approximation, since the different ionization
terms inEg. (18)may correspond to different neutral energies. However, since the dominant ionization rate is, by
far, the electron impact ionization rate which is independent of the neutral energy, and the ion impact ionization

rate depends only weakly on the neutral enegy, (19)is a very good approximation.

19)

2.6. Extension to two energy groups

As discussed irSection 2.2 the “local ion temperature” approximation is a reasonable assumption when
the neutral mean-free-pathis comparable to or less than the characteristic dimengiasf the region under
consideration, and when there are no strong gradients in the background plasma properties. When either of these
conditions is not met, however, the possibility of introohgcerrors in the calculation due to assigning the wrong
energy to parts of the neutral population must be considered.
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To remedy this situation, the TEP methodology was modified by introducing two distinct energy groups: a
“dow” energy group, consisting of the neutral atoms at the Franck—Condon energy formed by the dissociation
of molecules re-emitted from the wall or injected as a gas fueling source, afedtaénergy group including
the neutrals that are in thermal élifarium with the background ion populatn. Directly reflected neutrals are
assumed to be part of the fast group, since they retain a significant fraction of their original energy. Making the
plausible simplifying assumption that every charge exchange or elastic scattering reaction moves slow neutrals to
the fast neutrals group and that no fast neutrals are “scattered” from the fast to the slow group, the particle balance
equations for the two groups and for internal regi¢res, regions not bounded byaterial surfaces) are:

f fopinf f . f 3
rl, =Y "rlnh+ >, (1 - Ty >ci,kP,-A,-j +Y I (1 -> Tk’j>c§PiAij, (20)
k k [ k [
Iy =2 Tt (21)
k

where, as before, the superscripts and “ f” correspond to the slow and fast energy groups. The third term in
Eq. (20)represents the slow neutrals that entered the fast group, after charge-exchanging with the background
plasma ions. Fronkq. (21) we can see that the slow neutrals grguppagates only through uncollided fluxes,
and does not have any contribution from charge exchange reactions.

For neutrals originating from wall segments due to reflection, re-emission or external sources, the fast and slow
fluxes into the adjacent plasma region are:

Fk\fN,i = R;li\qumN
Tawi = T8+ (L= RE") (L= R T+ [RY + (1= R™) (1= £A59] e (22)

It can be seen frorkq. (22)that only the directly reflected neutrals of the fast energy group are credited to the
fast group. The Franck—Condon neutralsuiéing from the dissociation of remitted or gas fueling molecules go
into the slow group.

Simulations with the two-energy group option have shown very good agreement with Monte Carlo and
experimen{10].

3. Codeimplementation

The TEP methodology outlined in the previous section leenbimplemented into the 2-D neutral transport code
GTNEUT. In this section, details of this implementation are discussed with emphasis on the input preparation, the
solution methodology including code performance considerations, the output file format and the overall structure
of the code.

3.1. Input

The main GTNEUT input variables are contained in the namiglgstvhich is included in the input filéoneut.
A complete list of these input variables, along with a short explanation, is includ&édpendix A An optional
namelist,inpl, also included in theoneut input file, contains variables that are used in the automatic input
generation for rectangular configurations. This option is discussed in more detail below in this section. If the
user decides to use the DEGAS atomic rateslade instead of the (default) Janev r§i@3, two additional data
files are required. This is discussed in more deta8éction 3.4and inAppendix A

The first step in creating a GTNEUT input file is to describe the geometry of the configuration. One of the
strengths of the TEP methodology and its implemgaitainto the GTNEUT code is the ability to model the
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complicated and irregular geometries that are often encountered in realistic neutral transport simulation problems.
To accomplish this task, GTNEUT employsaordinate-free unstructured grid.

As discussed isection 2 the computational domain of interest consists of a number of internal cells bounded
by the core plasma and the material walls (including pamping interfaces which are treated as wall segments
with prescribed reflection coetiients). These three elemenitsternal cells, plasma regions andwall segments,
constitute the buildinglocks of the GTNEUT input geometry, and theroperties and interrelationships must be
specified. A list of the most important geometry-related input parameters is shdabla1(seeAppendix Afor
a complete list).

Each geometric element is assigned a numerical index starting with the internal plasma celfsC&ldp
followed by the plasma regions and the wall segments. Although a valid boundary is obviously required, it is not
necessary that it consist béth plasma regions and wall segments. In fact, the simplest problem that GTNEUT can
solve is a group of internal plasma cells bounded by vacuum, i.e., wall segments with zero reflection coefficients.

Wall segments are always one-sided, while internis @d plasma regions can have an arbitrary number of
sides specified by the value of the input variabfdes. The sides of each multi-sided element are numbered
consecutively, with the convention that side 1 is the side whose right endpoint (i.e., the point with the largest value
of the horizontal coordinate) is the bottom vertex of the cell (i.e., the point with the smallest value of the vertical
coordinate) and then moving clockwise. For example, referrikgol, Iside(1, i) is the length of side 1 of cel|,
angle(l, i) is the angle between sides 1 and 2 whalgle(5, i) is the angle between sides 5 and 1. Lengths and
angles must be specified only for internal cells and not for plasma regions.

The location of each geometric element is specifiedeirms of its neighbors via the 2-dimensional array
adjCell(k, i) which returns the index of the cell adjacent to ttte side of celli. Referring again td~ig. 1,
adjCell(1,i) = k andadjCell(4,i) = j. This array should be specified for all geometric elements (cells, plasma
regions and wall segments). A consistency check is performed by the subrchetkinp after reading the input
file, to ensure that the entries of thdjCell array are internally consistent.

After the geometry of the problem has been fully specified, the properties of the first wall must be described.
Depending on the choice of wall reflection model, which is controlled by the input vaiiafllethe user must
specify either an array of wall reflection coefficiefwall(1: nWallSegm) (irefl = 0) or the material properties
of each wall segmentirefl = 1), in which case a realistic wall reflection model is employed as discussed in
Section 2.4.2The material of each wall segment is fully dabed by the elements of the atomic mass array
awall and the atomic number arrayall. It is still possible to assign input-epified wall reflection coefficients
to selected wall segments, even when the weflection model option has been selectidf(= 1). This is useful
for wall segments that represent pumping surfaces or vacuum interfaces, and can be accomplished by setting the
value ofzwall for the desired wall segments to a negative number (e )., For these wall segments, reflection is
controlled by the input-specified arr&vall and not by the internal wall reflection model.

Following the specification of the geometry and the properties of the first wall, the properties of the background
plasma (electron and ion temperatures and densities, as well as ion species information) must be specified for

Table 1

Important geometric input variables

nCel I's Number of internal cells.

nPl asnReg Number of plasma regions.

nWal | Segm Number of wall segments.

i Type(i) Type of geometric element(0 for internal cell, 1 for plasma region and 2 for wall segment).
nSi des(i) Number of sides for internal cell

| side(k,i) Length ofkth side of internal cell.

angl e(k, i) Angle between sidesandk + 1 of cell ;.

adj Cel | (k,i) Index of element (internal cell, wall segment of plasma region) that is adjacent kthteile of celli.
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each internal cell as well as for the core plasma cells. Tlesaat input variables and their units are described in
Appendix A

Finally, recycling and other neutral gas sources must be specified. The most common option is to specify the
external quxFe‘?("t’ (#particles's), which corresponds to the GTNEUT input arrgquex, for all wall segments that
are expected to have finite recycling or gas puffing sources. A non-zero vajuexdbr wall segmenkw causes
GTNEUT to launch neutrals with energy equaéteut from that wall segment into the adjacent cell. Alternatively,
an ion flux striking a wall segment can be specifigdi¢n). GTNEUT then assumes that all ions are recycled as
neutrals with energies determined by the waflection model and the wall temperature aragll. As discussed
in Section 2.4.2the energywall should be characteristic of Franck—Condon atoms, i.e., a few electron volts. This
option is most useful when GTNEUT is coupled with an edge fluid code, in which case the fluid code should
provide theg_ion array, or when experimental data for ion fluxes are available. Volumetric sources (such as plasma
recombination) can also be prescribaaach internal cell, using the arr&yext. The energy of these volumetric
neutrals is specified by the input varialeteeut_v.

3.1.1. Automatic input generation

The flexibility of the coordinate-freespmetry specification model of GBUT has one drawback: manual input
preparation, where the lengths, agghnd relative positions of the sides of each cell with respect to its neighbors
must be individually specified, can be laborious and error prone, especially for new geometries and configurations.
For this reason, programs that can generate part of or the éoriet input file using information generated by
another application have been developed. Such automatit generation interface routines have been developed
for the plasma edge fluid code UEDGE?], the MHD Equilibrium and Fitting code EFI23] and the DEGAS
Monte Carlo neutral transport coff. Although these routines are considered research tools and are not part of
the standard GTNEUT distribution,éflGTNEUT developers will assist potential users to develop interfaces for
their applications.

In addition, and in order to facilitate testing and benelkng of the code, an interhaptional automatic input
capability has been implemented iTSEUT. This option, which is activated if the input varialblénp is set equal
to 1, generates a rectangular NXNY grid where NX and NY are the number of cells in the horizontal and vertical
directions respectively. The background plasma parametgrg,, etc.) can be either fixed or have top-to-bottom
or left-to-right linear variation. The input variables specifying this automatic grid generation are contained in the
namelistinpl, which is also included in the main input fiteneut. A detailed description of these input variables
is included inAppendix A and a sample problem is discusse®atction 4.1

3.2. Solution methodology and performance

The linear system of equations for the interface fluxes of the internal cells descrilted [#y7) has the form:
A.-T=S (23)

where A is a coefficient matrix with elements consisting betvarious transmission coefficients and escape
probabilities,I" is the vector of the unknown interface fluxes &b the source vector consisting of the various
recycling ion and neutral fluxes and any volumetric source terms. Knowledge of the interface fluxes following the
solution of the linear system of equatior=( (23), allows us to construct all other quantities of interest such as
the fluxes from wall segments and core plasma regiong)ehéal densities in each cell, ionization rates, etc.

Since each side of each internal cell contributes onetequtor the interface flux from this cell into the cell
adjacent to this side, the totalmber of equations and unknowmé(s in the code) is equal to the total number
of sides of all the internal cells. Therefore, the coefficient mairixas dimensionsEgs x nEgs.

While in our discussion of the TEP theory 8ection 2the interface fluxes were introduced Bs;, with the
indicesi and j denoting the origin and desation of the neutrals represented by each flisgn cell i into the
adjacent cell), the fluxes in the code implementation are defined with respect to the side offeithey traverse
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to enter the adjacent cell The correspondence between the theoretical and internal code fluxes is therefore given
by:

ik = Tadcaicn =11 (24)
where the tilde in the first flux denotes a GTNEUT flux, and the assumption that iseldjacent to théth side
of cell i has been made. This choice significantly reduces the storage requirements for the fluxes which otherwise
would have to be dimensioned a€ells x nCells, with most elements being zero. The vector of the unknown
fluxesrI in Eq. (23)is arranged as:

;1‘1 I'1 adiceli(1,1)
12 It adicell(2,1)
r; 1.nSdes(1) .Fl,adeeII(nSid&e(l),l)
r= fzk - :Fi,adeeII(k,i) ’ (29)
fncwsl :FnCellsadeell(l,nCells)
FnCeIIsnSd&e(nCeIIS) .FnCellsadeell(nSd&c(nCelIs),nCeIIs)

The coefficient matriA is very sparse since each equationyesponding to a single row of matri, involves
only fluxes from contiguous cells. For example, a typical problem with 100 four-sided cells results in 400 equations
and unknown fluxes. However, only 1960 of the 160 000 elements of the coefficient w&iri?%), are non-zero.
Therefore, the use of efficient sparse linear solversTNEUT is essential for increasd performance and reduced
storage requirements.

GTNEUT employs the Unsymmetric-pattern Multifrontal Package UMFPACK to solve the system of linear
equations ofEq. (23) UMFPACK is a set of routines for the direct solution of sparse linear systems using the
unsymmetric multifrontal methof24]. The UMFPACK Fortran version 2.2.1 used by GTNEUT is functionally
equivalent to the routine MA38 from the Harwell Subroutine Library (HSL). The UMFPACK routines can be
obtained fromhttp://www.cise.ufl.edu/research/sparse/umfpack

An alternative, non-sparse, linear solver based on the widely available LAPACK lif28}ys also included
in GTNEUT. This was implemented so that potentialrssean still run the code without having to install the
UMFPACK library. The user can select which solver to use by setting the input variableer to the appropriate
value (seéAppendix A). For small problems with fewer than 100 cells, the performance of the non-sparse solver
is comparable to that of the UMFPACK, although it drops rapidly as the size of the problem increases. However,
the storage requirements of the non-sparse solver iregpeedratically with the size of the problem, limiting its
practical use to problems with fewer than 600 cells, depending on the hardware platform.

Users can substitute their favorite sparse matrix solver in place of UMFPACK, by replacisg e routine
by their own and by modifying the spse matrix storage scheme in tsetup routine, to be consistent with the
storage scheme of their sparse matrix solver.

3.2.1. Extension to multi-species

The present version of GTNEUT can handle only one neutral species. However, adding more species to the code
(other hydrogenic atomic or moleculgreies, helium, impurities and even excited states of the same species) is
straightforward and can be accomplished by following these steps:
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(a) extend the flux vectoF (Eg. (25) to include the fluxes of the new species. The new fluxes satisfy balance
equations similar t&q. (17) with possibly additional terms describing interactions between the various species
(e.g., charge exchange between neutral carbon and background hydrogenic ions). Interaction terms will affect
the balance of the previously installed species as well and appropriate terms should be added to their balance
equations;

(b) modify the routinealcmfp to calculate the mean-free-paths and relag@meters (charge exchange fractions,
etc.) of the new species. Routines providing the various atomic and molecular rates for the new species should
also be provided;

(c) calculate the first-flight transmission coefficients and escape probabilities of the new species. Since the
transmission coefficients depend only on the neutral mean free path and the geometry, this computationally
expensive step can be avoided by interpolating (or using a table lookup) the already computed transmission
coefficients;

(d) modify the routinesetup to define the new elements of the sparse coefficient matrix and modify existing
elements by adding inter-species interaction terms; and

(e) include any new contributions to the ionization rdie.((18).

3.2.2. Performance considerations

One of the advantages of the TEP method is its computational speed. Our benchmarking simulations have
indicated that GTNEUT is faster than M@n€Carlo by one to two orders of magnitufler]. To maintain and
improve this computational speed advantage ascthge is upgraded and newedtures and capabilities are
added, it is important to identify the most computationally intensive parts of the code. While reasonable effort
has been made to select computationally efficient algorithms during the development of the code, most of our
emphasis has been on improving the TEP methodologymapltmenting new capabilitieather than on numerical
optimization per se. Therefore, significant room exists for improvements to further increase the computational
speed of GTNEUT.

The code has been profiled under various computing platforms and compilers. This profiling revealed that
more than 85% of the computation is spent calculating the first-flight transmission coeffiégn{8) and the
associated Bickley—Naylor functioig. (4). Standard methods are employed for the numerical evaluation of the
multidimensional integral oEq. (3) which is treated as a product of one-dimensional integrals. Gauss—Legendre
quadratures are used for the spatial integration along te®rdinatg26], while the angular part is evaluated using
the Simpson rule. The Bickley—Naylor functidKiz, is evaluated from an approximate [7] and not by direct
integration ofEq. (4) The performance of the integral evaluation can be improved by employing multidimensional
quadrature algorithms or quasi-Monte Carlo methf@&829], or by evaluating the integrals using mean-chord-
length approximation techniqu30].

In cases where GTNEUT is coupled to a plasma fluid code, performance can be improved by pre-computing
the various transmission coefficients for a range of mean free paths during the first call to GTNEUT, and then
employing table lookup interpolation to obtain the degiceefficients for subsequent calls. This approach assumes
that the geometry remains unchanged during the coupled plasma-neutrals simulation while the properties of the
background plasma change, in which case the transmission coefficient integrals depend only on the neutral mean
free path. Finally, since the evaluatiof each transmission coefficient integral depends only on the geometry and
on the background plasma parameters (which determinaghbtal mean free path), parallelization of this part
of the code for appropriate platforms is relative straightforward with significant potential savings in computation
time.

3.3. Output

The main GTNEUT output file is the text filgeut.out. It contains the neutral density, total ionization rate and
ionization rate density in each cell as well as the total, uncollided and collided fluxes at each interface. The order
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in which these quantities are printed out is controlled by the input integer prré®rdr. If the first element of

this array is negative, then the various quantities are printed in their natural order, i.e., following the internal cell
index numbering scheme. Since the numbering of the cells is more or less arbitrary, especially for automatic input
generation cases, the default printing order can be overridden by specifying the elementpraf@nér array.

This allows the user to group together regions of interest, as well as to facilitate the plotting of the data.

At the end of theneut.out file, the results of a global particle balance are included. This particle balance,
performed by calling the subroutipbalance, evaluates and lists the total number of particles entering the solution
region and the total number of particles lost via ionization, escape from the system or wall capture. It then evaluates
the relative error, which is a measure of the roundoff error of the simulation.

An optional output fileneut.dbg, is also generated if the debug input fladhug, is equal to 1. This file contains
the values of several important parameters for each gethfetric details, neighbors, reaction rates, mean free
paths, transmission coefficients and escape probabilities) as well as the non-zero elements of the coefficient matrix
and source vector. Theeut.dbg file is very useful for troubleshooting GTNEUT simulations, but it can become
quite large for problems with a large number of cells.

Finally, the fileumferr.dat includes any error messages or warnings from the UMFPACK library. This file exists
only if the sparse matrix option has been selectesb(ver = 1).

3.4. Code structure

GTNEUT has a simple structure, consisting of a main routine and a number of subroutines and functions. The
subroutine calling sequence with a brief description of each routine is shovabla 2

4. Test problems

The GTNEUT code has been used in several neutral transport simulations, ranging from artificial model
problems devised to test aspects of the TEP methodology and to perform benchmarks with Monte Carlo, to realistic
modeling of fusion-relevant configations and analysis of experimeri-10]. Two such problems have been
included in the GTNEUT distribution to help potential users become familiar with the code, and are described in
this section.

4.1. 5 x 4 rectangular geometry model problem

The first problem consists of a 20 cell rectangular configuratior £ created by using the automatic input
generation capability of GTNEUTig. 4shows the problem geometry, including the cell and wall segment indices.
A uniform background plasma is assumed with=n; = 10'° m~—3 and7, = 7; = 10 eV. The 1.0 mx 0.8 m
rectangular region is bounded by carbon walls on three sides, while a vacuum interface is imposed on the right
vertical boundary (wall segments 10—13). A unit strength (1 #/s) surface source of 2 eV deuterium neutral atoms is
imposed on wall segments 2 and 3. The mean free path for neutrals in the fast energy greupid m, resulting
in a mean free path to cell dimension ratipA = 0.55.

The results of this simulation are included in theit5x4.out andneut5x4.dbg output files. InFig. 5, the neutral
density is plotted versus the cell index. For comparisia predictions of the DEGAS Monte Carlo code for this
problem are also shown. It should be emphasized that the horizontal &t iis categorical, representing the
cell index. Therefore, the oscillatory appearance of the curve is an artifact caused by our arbitrary choice of the cell
numbering scheme. A more physical representation of the results is shdvign i where contours of constant
neutral density are shown.
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Table 2
Subroutine calling tree for the GTNEUT code

Routine Brief description and subroutines called

main The main routine. It opens the various input and output files, reads the nammglistsdinpl and calls
the various subroutines to perform the TEP calculation. The following subroutines are called:
degasr ead
rectinp
checkl nput
calcrefln
cal cnfp
escape
cal ctransm
set up
sol verf, solvers
post sol ver
pbal ance
out put
zstop

degasr ead This routine is called only wheratdat = 1. It reads the fileghr 1. dat andcxi onh. dat containing
atomic rate data from the DEGAS code. This option has been retained to facilitate benchmarks with
the original DEGAS Monte Carlo codeoFregular simulations, the Janev rafé2] should be used
(iatdat = 0).

rectinp This routine is called when inp = 1, and generates the automatic part of the GTNEUT input for model
problems with a rectangular grid (s8ection 3.JandTable A.3in Appendix A).

checkl nput This routine checks the input variables for incistencies and performs a number of auxiliary tasks. It
makes sure that the size of the problem does not exceed the dimensioning of various arrays, it checks
for incompatible input choices, it ensures that thergewy is correct (the sum of the angles of each cell
should be equal ton — 2)7r wheren is the number of sides), it checks to make sure that the assignment
of neighbors is consistent @djCell (k, i) = j thenadjCell(l, j) =i wherel is one of the sides of). In
addition, it converts units and normalizes various peeters. If it detects an error, an appropriate message
is printed on the terminal.

calcrefln This routine calculates various wall reflection parameters. If the wall reflection model isefhr=(1) it
calls the subroutineef | ect .

refl ect Calculates particle and energy reflection coefficients using fits that depend on the projectile and target
properties (material, energy, etc.).

cal cnfp This routine calculates the neutral mean free patland charge exchange fraction (Eqg. (8) in each

internal cell. Depending on éhvalue of the input parametéatdat, it calls the functionssvi one,
svioni, svcxi andsvefj which are grouped together in the figvj anev. f, or the routines
svdegas andcal cxswns. It also calculates the albedo coefficieny; using the numerical fit to Monte
Carlo simulation data in the functicaibdfit.

svione, svioni, svcxi Functions that evaluate the electron impact ionization reactivity, the ion impact ionization reactivity and
the charge exchange reactivity using the database assembled by R.K[1Pnev

svefj Evaluates the electron impact ionization rate using the older Freeman and Jones fit. Implemented for
compatibility with older codes and used only wh§sv = 1 andiatdat = 0.

svdegas Evaluates various atomic rates using data fréma original DEGAS code (i.e., not the more recent
DEGAS-2 codd?2]). Used whenatdat = 1.

cal cxswrs Calculates various atomic rates using data compiled by E.W. Thomas and W.M. Btakdysed when
iatdat = 2.

escape Evaluates the first-flight and total escape probabilitigs and P; (Egs. (9), (10) using a rational
approximation. Evaluates the dational escape probability factet; ;.

cal ctransm Setup routine for the evaluation of the various firgiHt transmission coefficients. Calls the subroutine
TransnCoef f .

(continued on next page)
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Table 2 €ontinued)

Routine Brief description and subroutines called

Tr ansnCoef f Evaluates the first flight transmission coefficieméj, Tli\ﬁj' Tli\’,jj, Tlinj (see Section 2. Calls
subroutinecal Rect Par ns andcal cRect . ' ' '

cal Rect Par ns Calculates various geometric parameters that are needed in the evaluation of the first-flight transmission
coefficients.

cal cRect Evaluates the multidimensional integral for the calculation of the first-flight transmission coefficient

(Eg. (3). Calls one of the Gaussian quadrature routimgsrauss20, gqgauss40, qgauss60,
ggauss80 or ggauss100 depending on the value of the input variaibdgiad. Uses the real function
t_ij.

ggaussxxx, where xxx = Gaussian quadrature routines based on Legendya@uiials for the evaluation of the spatial part of the
20, 40, 60, 80 or 100. integral ofEq. (3) The indexxxx denotes the number of integration points (20—100).
t_ij Function to evaluate the integrand for the calculation of the integrebo{3) Performs the angular part

of the integration using a Simpson rule and evaluates the Bickley—Naylor fun&ipr{4) using either a
fit (for Kig) or direct integrationKi,). Calls the subroutingi npson and the functiorbi ckl ey.

si npson Evaluates the integral of a function using Simpson’s rule.
bi ckl ey Evaluates the Bickley—Naylor functiom&s andKig.
set up Evaluates the non-zero elements of the coefficient matr@nd the source vect@ (Eq. (23) and stores
them in the sparse vectar spar se and index vector _spar se using the UMFPACK storage scheme.
sol vers Calls the UMFPACK routines to solve the linear system of equations defindeqby23)if the input
variablei_solver = 1.
sol verf Calls the LAPACK routine DGESV to solve the linear system of equations defin&d|b{23)if the input
variablei_solver = 0. This option is limited to small problems.
post sol ver Evaluates the various fluxes, neutral densities, ionization rates, etc.
pbal ance Performs a global particle balance and esties the round off error of the simulation.
out put Writes information and data to the various output files.
zstop This routine is called when we need to terminate the run and write a short message to the terminal.
5 6 7 8 9
4 4 8 12 16 20 10
3
— 3 7 11 15 19 14
— 2 6 10 14 18 12
2
1 1 5 9 13 17 13
18 17 16 15 14

Fig. 4. Geometry configuration for the first test case.
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Fig. 6. Contours of constant neutdensity for the test problem dfig. 4.

4.2. DIII-D test problem

The second test case included in the GTNEUT distribui®a,realistic geometry neutral transport simulation
based on a recent discharge of the DIII-D tokamak experif8ijt The geometric part of the GTNEUT input
has been generated directly from the EFIT MHD equilibrium informaf28), using an interface routine that was
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Fig. 7. Geometry of DIII-D test problem. Wall segments 84, 86, 93 andepEesent the divertor plates where recycling is taking place, while
segments 85 and 94 represent the two pump openings.

developed to facilitate input preparation. The resultiegmetric configuration ofie Upper Single Null (USN)
plasma consisted of 670 cells, 90 core plasma regions and 98 wall segments and is dfigwn in

Wall segments 85 and 94 represent the two DIII-D upper pumps (dome and baffle pumps respectively) and are
assigned zero reflection coefficients. The rest of the wall segments are assumed to be made of carbon. Neutrals and
ions are assumed to recycle at the divertor plates, represented by wall segments 84, 86, 93 and 95. External neutral
particle sourcesy_ex, equal to 25 x 1072 #/s are imposed on each of these four wall segments, so that the total
number of neutral atoms injected into the system is equalt®#/8. The properties of the background plasma are
based on preliminary experimental measurements.
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Fig. 8. Neutral density distribution for the DIII-D test case.

It should be emphasized that the DIII-D test problenniduded to demonstrate the capability of our code to
handle realistic geometries relevant to fusion experiments, and is not supposed to represent a comparison between
theory and experiment since no neutral density measurements were available for this discharge.

The results of this simulation are included in the outputrigatDIl1D.out. The neutral density distribution is
shown inFig. 8. It can be seen that the neutral density peaks abihef the cross section, near the divertor plates.

It can also be seen that the neutral density attenuates rapidly as we move inside the separatrix, since the densities
of the confined plasma are higher.

It is worth pointing out that our solution region extends to the actual first wall of the device. This can be
very important in realistic simulations, since the almost vacuum regions near the wall (plenums) can allow direct
streaming of neutrals from the divertor region to the midplane. This also highlights the advantages of the TEP
methodology and the GTNEUT code, being perhdps only non-Monte Carlo method that can handle the
complex geometries encountered near the material walls as well as be valid in both long and short mean free
path regimes.

5. Conclusions and discussion

The TEP methodology and its implementation in the 2-D neutral transport code GTNEUT have been discussed.
The main advantages of the GTNEUT code are its computational speed and its ability to accurately treat the
transport of neutral particles in riegs with complex geometries andatgly varying mean free paths. In addition,
since the TEP methodology is deterministic, GTNEUT simulations are free of the numerical noise that is inherently
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presentin Monte Carlo neutral transport simulations. This last advantage makes GTNEUT an ideal tool for coupling
with edge plasma fluid codes, where computational speed and absence of numerical noise are essential for a rapid
convergence between the two parts (neutral and plasma) of the simulation.

As desirable as computational ef@aicy is, it should never be attained at the expense of accuracy. For this
reason, extensive tests of the TEP methodology have been carried out by benchmarking the GTNEUT code against
Monte Carlo for a variety of problems. These range from artificial model problems to realistic simulations of
neutral transport in fusion-relevant configuratioms;liding the analysis of neutral density experimdBtslo,

17]. These benchmark simulations have confirmed tiveectness and accuracy of the TEP methodology and of
the GTNEUT code in virtually all cases of practical intetteSizeable discrepancies from Monte Carlo have only
been observed in artificial model problems, especially constructed to test the limits of the applicability of the TEP
methodology.

While the present version of the code is a mature potational tool for carrying out neutral transport
simulations, several improvements are planned for the future. These include both extensions of the GTNEUT
capability requiring little or no theoretical deegiment and refinements in the TEP methodology.

Among the planned extensions of the capabilities of the code is the addition of multi-species capabilities
including molecular spees (already discussed 8ection 3.2.}, the extension of our two-group energy treatment
to full multi-group and the development and implemeiotaof additional tools to facilitate input preparation.

Regarding our plans to refine the TEP methodology, our goal is to address certain issues that were identified
in our tests against Monte Carlo for model probleresigned to test limiting cases of the methodology. Two of
the basic assumptions of the TEP methodology are the assumption of an isotropic neutral distribution function in
both the inward and outward half-spaces at the interfaeéseen the computational regions, and the assumption
of a uniform charge exchange collision source within the volume of each cell. The first assumption, also known as
the DPg approximation, has been shown to be a good approximation since charge exchange and elastic scattering
collisions tend to isotropize the neutral distribution function. However, departures from anisotropy are possible,
especially in long mean free path regions where anisotropies driven by wall reflection, presence of vacuum regions,
pumps, etc. would persist across regions. Extending the oriBiRgapproximation to include linearhb(P;) and
quadratically DP») anisotropic distributions appears to resolve this issue, as evidenced by comparisons with Monte
Carlo for model problems designealdccentuate the anisotropy effe[32].

The second assumption, i.e., the uniformity of the chaxchange collision source, is embodied in the rational
approximation that we employ for the first flight collision probabilRy; (Eq. (10) and in the treatment of the
geometry factorsi;; which lack any specific directionality, beingsitead proportional to the fractional perimeter
of each interface. This assumption may become quiestile in regions wheréé neutral mean free pathis much
smaller than the characteristic dimension of the gelln these regions, the first collision source is predominantly
located near the incident interface, resulting in a preferkbéiekscattering of these neutrals across that incident
surface. From our benchmark simulation experience, the assumption of a uniform collision rate distribution is
reasonable, as long as the ratio of the neutral mesaHfiath to the characteristic dimension of the aglh
is not too small £/A > 0.25 or so). For smaller values of this ratio, GTNEUT appears to underestimate the
neutral attenuation away from the source. The discreparcpmes significant onlyfter several neutral mean
free paths away from the source, in which case the neutral density has already attenuated by a few orders of
magnitude. We do not anticipate this to be very restrictive in practice however. Our experience with using grids
from edge fluid codes is that the ratigA is usually> 1, since fluid codes tend to use fine grids near material
surfaces in order to resolve the gradients of thekbemund plasma parameters. Future versions of GTNEUT
may employ adaptive grid technology to ensure thatt > 0.25 or implement corrections on the calculation
of P; and A;; to get around this limitation. Such corrections are already being developed and[8tead,
after becoming satisfactorily validated, will be implemented in the production version of the code. Regarding
the geometric factor\;;, a better approximation for it which takes into account the field line geometry and the
background ion flow field was suggested in our original paper on the TEP methodology{Rdtg. (29)).

This formulation has not been implemented in our stand-alone version of the code since the details of the
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field geometry and background ion flow are not usually available. However, when GTNEUT is coupled with
an edge fluid code this information should beidable and more accurate expressions figf can easily be
implemented.

Coupling GTNEUT to edge fluid codes may also require the calculation of plasma-neutral energy and
momentum source or loss terms, to be used in theggnend momentum balance equations of the fluid code.
While these quantities are not explicitly evaluated in the present stand-alone version of the code, it is easy to do
so using already calculated quantities. The plasma-neutral energy exchange is the easiest to evaluate, since energy
is a scalar quantity and the ionization and charge exchange rates are already computed by the code. Momentum
losses are more difficult to compute and would require knowledge of the background ion flow field. However, if
we assume most of the fluid-neutral momentum exchange occurs during the first collision, then momentum losses
can be easily implemented. The details of ion-neutral momentum exchange in subsequent collisions (according to
our multi-generational model shown fitig. 3) would be more difficult to take into account, since these collisions
are treated in an average sense.

Another issue that merits discussion is the significance of our two-dimensional symmetry assumption and any
limitations it might impose when modeling configurations that are not characterized by cylindrical symmetry.
Since GTNEUT will most likely be used to model neutral transport in toroidal configurations, the present
discussion is focused on toroidal geometries. As long as the neutral mean free path is much smaller than
the characteristic dimension of the system in the toroidal direction, toroidal effects are not expected to be
significant. This is supported by the results of our benchmarks with the DEGAS Monte Carlo code which
showed negligible differences between the DEGAS simulations in toroidal and cylindrical geometry modes
and GTNEUTI[9]. However, since neutrals travel in straight-line trajectories between collisions, toroidal effects
may become significant in veryow aspect ratio configuratiorsnd long neutral mean free paths. In this
case, a neutral traveling along the ignorable coordinate without interacting with the background plasma may
eventually cross a cell boundary while, under our cylindrical symmetry assumption, it would have remained
within its cell. This is not expected to be a significant limitation however unless the neutral mean free
path becomes comparable or larger than the major radius, which is unlikely for most cases of practical
interest.

Inaddition, even if toroidicity effects are notimportant in the above sense, our assumption of symmetry along the
axial or toroidal coordinate makes it difficult to simulate certain configurations with neutral sources characterized
by strong toroidal asymmetries (e.g., localized gas injectadves or recycling from local structures). If the toroidal
extent of the sources is large or if the sources are evenly distributed at a discrete number of toroidal locations, then
GTNEUT could still predict the average neutral densities using an equivalent toroidally-symmetric source and
conserving the total number of injected particles.

It should be noted here that the TEP methodology can be readily extended to three-dimensional geometries,
albeit at a computational cost. Such extensions have been developed for the needs of neutron transport simulations
in three dimensional fuel lattices using the interface me{88§L While a 3-D version of GTNEUT has not been
very high in our code-development priority list, this ynehange if future benchmarks and comparisons with
experiments suggest that such an extams/ould enhance thesability ofour code.

Finally, and as discussed 8ection 3.2.2the implementation of more efficient algorithms and approximations
for the evaluation of the multidimensional integrals that are necessary for the calculation of the first-flight
transmission coefficients will allow GTNEUT to madih its computational speed advantage, even as new
capabilities and features are being implemented.
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Appendix A. Input variables

In this appendix, the GTNEUT input variables are listed including their storage dimensions, units (if any) and a
short description. Additional comments can be found in the MAIN routine.

The GTNEUT input variables are included in two namelistg (which includes most of the main input
variables) andnpl which includes the input variables needed for the automatic rectangular grid input generation.

The dimensioning of the various arrays in the code is controlled by a number of constants defined in a
PARAMETER statement in the include fileeut G ob. i nc. These constants are listed Table A.1 The
dimensioning of arrays related to the two linear solvers (UMFPACK and LAPACK) is controlled by parameter
statements in the routineslversandsolver f respectively.

The main input variables of GTNEUT are included in the namétigtand are described ifable A.2

The input variables controlling the autotitainput generation capability of GTNEUT (i np = 1) are included
in namelistinpl and are described ifiable A.3below. Only the Lx, Ly, NX and NY variables are mandatory
wheni _i np = 1. The rest of the input variables, which assign background plasma parameters, sources and wall
reflection coefficients assuming simple symmetries (e.g., uniform background plasma, linear horizontal or vertical
variations, etc.), are optional and can be overridden by or combined with their equivalent individual cell input
variables of namelishp. See subroutineect i np for more information.

Table A.1

Parameter constants in GTNEUT

Constant Description

maxCel | Maximum number of internal cells.

max\al | Maximum number of wall segments.

maxPl as Maximum number of plasma regions.

maxSi des Maximum number of sides for cells and plasma regions.
maxTot maxCel | + maxPl as + max\Wal | .

max CPl maxCel | +maxPl as.

maxEqs Maximum number of equations maxCel | *«maxSi des.
Table A.2

Main GTNEUT input variables

Variable and dimension Units Description

i_inp Flag determining the input geometry

0: original coordinate-free format
1: automatic input generation for racigular regions (see variablesinpl namelist).

nCel l's Number of internal cells.
nPl asnReg Number of core plasma regions.
n\Val | Segm Number of wall segments.
i Type(maxTot) Type of geometric element. Must be defined foitssecore plasma regions and wall segments. Valid
options are:
0: internal cell,

1: core plasma region,
2: wall segment.

nSi des( maxTot ) Number of sides of each geometric element (wall segments must have only one side).
| si de( maxSi des, m Iside(k, i) is the length ofkth side of celli.

maxCel |')

angl e( maxSi des, degrees angle(k, i) is the angle between sidésandk + 1 of cell .

maxCel |')

(continued on next page)
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Table A.2 ¢ontinued)

Variable and dimension Units  Description

adj Cel | (maxSi des, adjCell (k, i) is the index of the cell that is adjacent to ttté side of cell:.

maxCel |')

scal Fact Scale factor multiplier for lengths. #alFact > 0, thenlside(k, i) = scalFact x Iside(k, i).

ai on amu Atomic mass of background ions.

zion Atomic number of background ions (onlgeded by the wall reflection model).

aneut amu Atomic mass of neutrals (present version of GTNEUT can handle only a single, hydrogenic neutral
species).

eneut keV Energy of externally launched neutrals.

eneut _v keV Energy of volumetric neutralS(ext).

i_e0 Flag determining the neutral energy assumptions.dd = 1, then a constant neutral energy equal to
eneut is used throughout the code.ilfeO = 2, then the local ion temperature approximation is used.
GTNEUT should be normally run with €0 = 2. The constant energy option has been retained for
tests and benchmark simulations. Notice th& = 1 andirefl = 1 are incompatible options and a
warning is printed out.

vOf act The neutral velocity is equal tgv0fact x Eg/mqg.

el ecTenp( maxCpPl ) keV Background plasma electron temperature. Mustpgezified for all internal cells and core plasma
regions.

i onTenp( maxCPl ) keV Background plasma ion temperature. Must be spélci@ieall internal cells and core plasma regions.

el ecDensity(maxCPl) m~3  Background plasma electron density. Must be spetifie all internal cells and core plasma regions.

i onDensi ty(maxCPl) m~3  Background plasma ion density. Must be specifiedall internal cells and core plasma regions.

S _ext (maxCel |) #ls External volumetric neutral source in each Q@{in Eq. (17).

g_ex(maxwal l) #ls g_ex(kw) is the external neutral particle flux entering the plasma from wall segkwr(ﬂ“e'?("t’ in
Eq. (14).

g_i on(max\Val |) #ls g_ion(kw) is the ion flux striking wall segmerkw from the adjacent edge plasma cel(l‘iim in
Eq. (16). This variable is normally used when GTNEUT is coupled with an edge fluid code.

irefl Flag specifying the wall reflection model. iffefl = O, then wall reflection is controlled by the input
array Rwall (kw). If irefl = 1, then the reflection coefficient is calculated using a material-based
wall reflection modelRwall can still be used wheirefl = 1 to model vacuum regions, etc. for wall
segments having negativesall. See the routinealcrefln for more details.

Rwal | (maxWal |) Input-specified reflection coefficient of wall segmenté“’( in Eq. (15). Used whenirefl = 0 (no
material-based refection model) or to specify vacuum or pumping wall segments wirefl = 1.

f wabsor b( maxVal | ') fwabsorb(kw) is the absorption coefficient of wall segméat (fé“é‘{sin Eq. (14). Used only when
irefl=1.

awal | (maxwal |) amu  awall(kw) is the atomic mass of the material of wall segmiemtUsed only wherrefl = 1.

zwal | (maxwal |) 2wall(kw) is the atomic number of the material of wall segmént Used only whenrefl = 1. If
irefl = 1 andzwall (kw) < 0O, then the reflection coefficient of wall segmémt is determined by the
input variableRwall(kw). Useful for setting up vacuum regions, etc.

twal | (max\Wal |) keV twall(kw) is the temperature of wall segméat, and is needed to determine the energy of the “slow”

i at dat

neutrals emitted from the surface during the reflection process. Since the current version of GTNEUT

treats these slow neutrals as Franck—Condon atbmadl, should be in the range of a few electron
volts.

Flag determining which atomic rate library to use. Current options are:
0: Janev’s database,
1: DEGAS rates,
2: Thomas/Stacey rates.

The recommended option is 0.

(continued on next page)
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Table A.2 ¢ontinued)

Variable and dimension Units  Description

ifjsv If ifjsv > 0, use the older Freeman—Jones fits for the macimpact ionization rates. This option is
available only for the default (Janev) rateatdat = 0) and has been implemented for benchmarks
with other neutral codes which use the Freeman—Jones rates. It is recommendejtv gs@ and
iatdat = 0.

| eh0 This flag is only relevant ifatdat = 1 (DEGAS rates). If equal to 1, electron impact ionization rates
are density dependent. If equal to 2, they are not.

| chex This flag is only relevant ifatdat = 1 (DEGAS rates). I 2, the charge exchange rates depend on
neutral energy. I& 3, the charge exchange ratesrdi depend on neutral energy.

i escp Flag determining how to calculate the escape probabigyIf equal to O, use the original Wigner
formulation. If equal to 1, usthe modified Sauer approximatiokd. (10). The recommended value
is 1.

i quad Flag determining the number of grid points for theintegration for the first-flight transmission
coefficient Eqg. (3).
iquad = 1, 20 grid points,
iquad = 2, 40 grid points,
iquad = 3, 60 grid points,
iquad = 4, 80 grid points,
iquad = 5, 100 grid points.

nph Number of grid points for the angulag) integration for the first-flight transmission coefficient
(Eq. (3).

ifrstcol If equal to 1, take into account first collision effecEq( (11)

prnt Ordr Array affecting the printing order of various output array9rifitOrdr < O, then natural order is used.
See subroutineutput for more details.

i _sol ver Flag determining which linear solver is used to solve the TEP system of equations. If equal to 0, use
the LAPACK routine DGESV. If equal to 1, use the UMFPACK sparse system library.

isparsitr Number of steps for iterative improvement of sparse system solution (relevant onkaf ver = 1).

Table A.3

Optional input variables in namelist inpl. Sindeetsame options apply to similar variablese¢éron and ion densities, electron and ion
temperatures) these variables are groupgether separated by a comma, although #eedption refers only to the first entry

Variable and dimension Units  Description

Lx m Length of horizontal sle of rectangular region.

Ly m Length of vertical side of rectangular region.

NX Number of cells in horizontal direction.

NY Number of cells in vertical direction.

ne_fixed, ni_fixed m~3  Uniform background electron density.ne_f i xed is negative and if gr adneh and i gr adnev

are equal to zero, then the electron density in each cell is specified by the values of the array
el ecDens (i np namelist).

i gradneh, igradnih If equal tol, the electron density varies linearly in the horizontal (x) direction fieml f t at the
left vertical boundary tae_r gt at the right vertical boundary.

ne_|ft, ni_Ift m=3  Electron density at the left vertical boundary, to be used wgmadneh = 1.

ne_rgt, ni_rgt m~3  Electron density at the right vertical boundary, to be used vitgradneh = 1.

i gradnev, igradniv If equal to 1, the electron density varies linearly in the vertical (y) direction fr@mbt mat the
bottom horizontal boundary tee_t op at the top horizontal boundary.

ne_btm ni_btm m=3  Electron density at the bottom horizontal boundary, to be used wgeadnev = 1.

(continued on next page)
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Table A.3 ¢ontinued)

Variable and dimension Units  Description
-3

ne_top, ni_top m Electron density at the top horizontal boundary, to be used whemdnev = 1.

te_fixed, ti_fixed keV Uniform background electron temperature.tlé_fi xed is negative and ifi gr adt eh and
i gr adt ev are equal to zero, then the electron temperature in each cell is specified by the values
of the arrayel ecTenp (i np namelist).

igradteh, igradtih If equal to 1, the electron temperature varies linearly in the horizontal (x) directiontfeorhf t at
the left vertical boundary tbe_r gt at the right vertical boundary.
te_Ift, ti_Ift m=3  Electron temperature at the left vertical boundary, to be used wheadt eh = 1.
te_rgt, ti_rgt m=3  Electron temperature at the right vertical boundary, to be used wgeadt eh = 1.
igradtev, igradtiv If equal to 1, the electron temperature varies linearly in the vertical (y) directiontfi@niot mat the
bottom horizontal boundary toe_t op at the top horizontal boundary.
te_btm ti_btm m~3  Electron temperature at the bottom horizontal boundary, to be usedivgreadt ev = 1.
te_top, ti_top m~3  Electron temperature at the top horizontal boundary, to be used greadt ev = 1.
SO0 #ls Volumetric neutral source (same for all cells).
r_Ift, r_ragt, Wall reflection coefficient for left, right, btom and top boundaries. The wall reflection model
r_btm r_top (irefl = 1) overrides these input coefficients.
g I ft, g_rat, #ls External neutral fluxes at the left, right,ttoon and top boundaries. These values are added to any
g_btm g_top finite entries of they_ex array.
flx_Ift, flx_rgt, #ls lon fluxes at the left, right, bottom and top bourets These values are added to any finite entries of
flx_btm flx_top theg_ion array.
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